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ABSTRACT

Many urban multi storey frame buildings in India today have asymmetric plan
configurations to give a different aesthetics which is highly demanding and appreciated
by the clients. Although these asymmetric buildings performances are poor against
seismic forces. Many of these buildings may have adequate strength to cater the gravity
load. However, the overall safety of these structures essentially require satisfactory
performance against seismic demand. This paper involves seismic resistance evaluation
of such kind of frame buildings and a comparative study among symmetric and
asymmetric building plan configurations from the seismic resistance point of view as in
past few years both the occurrence and intensity of major earthquakes has been increased
significantly. The structural engineering profession has been using the nonlinear static
procedure (NSP) or pushover analysis as modelling for such structures requires the
determination of the nonlinear properties of each component in the structure, quantified
by strength and deformation capacities, which depend on the modelling assumptions..
This paper aims to carry out pushover analysis of the building based on the FEMA-356
and ATC-40 guidelines. The pushover analysis shows the pushover curves, capacity
spectrum, plastic hinges and performance level of the building. This non-linear static
analysis gives better understanding and more accurate seismic performance of buildings

of the damage or failure element.

Keywords: Pushover Analysis, Vulnerability Index

XiX



CHAPTER 1

INTRODUCTION

1.1 General

Earthquake is a very relevant issue in recent days specially for structural engineers as it
is a low probability but high consequence event causing structural damage which in turn
results in loss of lives and loss of economy. Structures designed according to the existing
seismic codes provide minimum safety to preserve life and in a major earthquake, they
assure at least gravity-load-bearing elements of non essential facilities will still function
and provide some margin of safety. However, compliance with the standard does not
guarantee such performance. They typically do not address performance of non-structural
components neither provide differences in performance between different structural
systems. This is because it cannot accurately estimate the inelastic strength and
deformation of each member due to linear elastic analysis.

The non-engineered structure, which does not follow the seismic resistance stipulations
have suffered severe damages in past earthquake. However, it is unfortunate to have huge
numbers of such non-engineered structured in the countries prove to high seismic risk.
The typical percentages of non-engineered buildings in countries having severe seismic

zones have shown in figure 1.1.
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Figure 1.1: Ratio of Types of Structure to Total Surveyed Buildings



The Indian subcontinent has a history of earthquakes. The reason for the intensity and

Table 1-1: List of earthquakes in India after year 2000

high frequency of earthquakes is the Indian plate driving into Asia at a rate of

approximately 49 mm/year. The following is a list of major earthquakes which have

occurred in India.

Date Time Location Lat Long Deaths Comments | M
Regional
11 dead event that
January | 23:05:16 | North East India o " 200 injured aﬁgcted
24.8°N 93.6"E . - India, 6.7
3,2016 | UTC in Manipur M
& Assam yanmar,
and
Bangladesh.
280 in
Pakistan
October . . . T
26, 09:09 Norther_n India, Pakistan, 36°1445"N | 71°5038"E 115in _ 77
2015 uTC Afghanistan Afgha_nlstan
and 4 in
India
3 injured in
Assam
earthquake,
June 28, | 06:35 . o o tremors felt
2015 IST Dibrugarh, Assam 26.5°N 90.1°E 0 in West 5.6
Bengal,
Meghalaya
and Bhutan
Epicentre
17 km S of
Kodari,
Nepal; Felt
May 12, | 12:35 Northern India, North East o o in Delhi,
2015 IST India 27.794°N 85.974°E 218 West 7.3
Bengal,
Bihar, U.P.;
44 killed in
India
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2015 IST India .
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In April, 2015 Nepal earthquake (also known as the Gorkha earthquake) more than
8,000 people were dead and injured more than 19,000. It occurred at 11:56 NST on 25
April, with a magnitude of 7.8Mw or 8.1Ms and a maximum Mercalli Intensity of VIII
(Severe). Its epicentre was the village of Barpak, Gorkha district, and its hypocenter was
at a depth of approximately 15 km (9.3 mi). It was the worst natural disaster to strike
Nepal since the 1934 Nepal-Bihar earthquake. The earthquake triggered in avalanche on
Mount Everest, killing at least 19, making it the deadliest day on the mountain in history.
It triggered another huge avalanche in the Langtang valley, where 250 were reported
missing. Continued aftershocks occurred throughout Nepal within 15-20 minute intervals,
with one shock reaching a magnitude of 6.7 on 26 April at 12:54:08 NST. The country
also had a continued risk of landslides. A second major earthquake occurred on 12 May
2015 at 12:35 NST with a moment magnitude (Mw) of 7.3 Mw. The epicenter was near
the Chinese border between the capital of Kathmandu and Mt. Everest. More than 125
people were killed and more than 2,500 were injured by this aftershock. Many buildings,
most of them belongs to non-engineered category have suffered severe damage and even

collapsed are shown in figure 1.2.
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Figure 1.2: Severely damaged and collapsed buildings in Nepal earthquake

Repair Restoration and strengthening are very common words now-a-days. However,
they have different meaning with respect to their functional objective. The purpose of
repairs is to rectify the observed defects and bring the building to reasonable architectural
shape so that all services start functioning. This enables the use of building for its
intended purpose. Repairs do not improve structural strength or stability. In fact a
repaired building may be deceptive. It may hide the structural defects. Outwardly it may
appear good. It may suffer from structural weakness. Such weakness may cause collapse
during future earthquakes. However, the main purpose of restoration is to structurally
treat the building with an aim to restore its original strength. This intervention is
undertaken for a damaged building if one is sure that the original strength provides an
adequate level of safety for future earthquake disasters. Strengthening of building against
earthquake loads are also quite significantly important in seismic disaster mitigation.
Seismic forces are the most serious dynamic forces.

Earthquake being uncertain in terms of amplitude, duration and frequency content, proper

seismic analysis and design is a major challenge for structural engineers. Moreover,



seismic loading is dynamic in nature, lateral (multi component), cyclic and induce
reversal of stresses. Various analysis methods, both elastic (linear) and inelastic
(nonlinear), are available for the seismic analysis of existing structures. Elastic analysis
methods available include code static lateral force procedures, code dynamic lateral force
procedures and elastic procedures using demand capacity ratios. The most basic inelastic
analysis method is the complete nonlinear time history analysis, which at this time is
considered overly complex and impractical for general use. Available simplified
nonlinear analysis methods, referred to as nonlinear static analysis procedures, include
the capacity spectrum method (CSM) that uses the intersection of the capacity (pushover)
curve and a reduced response spectrum to estimate maximum displacement; the
displacement coefficient method (e.g., FEMA-356 (ATC 1996a)) that uses pushover
analysis and a modified version of the equal displacement approximation to estimate
maximum displacement; and the secant method (e.g., City of Los Angeles, Division 95
(COLA 1995)) that uses a substitute structure and secant stiffnesses. Different analytical

procedures for seismic analysis of structures are given below:

1.1.1 Analytical procedures:
e Elastic: 1. Codal procedures
2. Demand capacity ratios

e Static non linear: Pushover analysis, Secant method, Time history analysis

e Dynamic non linear
Elastic method: This method is a force based procedure with an assumption that
every structure respond elastically to earthquakes. The demand forces on each
member of the structure are obtained and compared with calculated capacities by
performing an elastic analysis. Elastic analysis methods include IS code static
lateral force procedure, dynamic procedure and elastic procedure using Demand
capacity ratio(DCR).In IS code static lateral force procedure, a static analysis is
performed by subjecting the structure to lateral forces. In IS code dynamic
procedure, force demands on various structural members are determined by an

elastic dynamic analysis. Dynamic analysis may be either a response spectrum



analysis or an elastic Time history analysis. Sufficient number of modes is
considered to have a mass participation of at least 90% for response spectrum
analysis. Any effects of higher modes is automatically included in Time history
analysis. Although force based procedures are well known and easy to apply, they
have certain drawbacks. Post-elastic behavior of structures could not be identified
by an elastic analysis. However, post- elastic behavior should be considered as
almost all structures are expected to deform in inelastic range during a strong

earthquake.

Inelastic method: Displacement based procedures are mainly based on inelastic
deformations rather than elastic forces and use non linear analysis procedures
considering seismic demands and available capacities explicitly. By inelastic
Analytical procedures we can understand the actual behavior of structures by
identifying failure modes. Among the inelastic static analysis methods Pushover
analysis is a simplified non linear analysis and is very popular due to its
simplicity. Other non linear methods are complex and time consuming. Pushover
analysis could be done by Capacity Spectrum method or displacement Coefficient

method.

1.2 Objective of present work:
To study the seismic resistance features including the seismic vulnerability based
on non linear pushover analysis of different regular and irregular building

configurations.



1.3 Scope of work: The present scope of work includes the following

Evaluation of base shear resisting capacity, roof displacement,
Spectral acceleration, Spectral displacement, Global Stiffness,
Global ductility, Vulnerability index, Storey vulnerability of
different buildings with symmetric plan configurations by
Pushover analysis.

Evaluation of base shear resisting capacity, roof displacement,
Spectral acceleration, Spectral displacement, Global Stiffness,
Global ductility, Vulnerability index, Storey vulnerability of
different buildings with asymmetric plan configurations by
Pushover analysis.

Comparative study of above mentioned seismic resistant features

for symmetric and asymmetric building configurations.



CHAPTER 2

LITERATURE REVIEW

2.0 General :It is important to review the research literatures on this particular field
to get  acquainted with the state of art prior to involve in actual research. The

summary of the literature review are as follows :

2.1 Pushover Analysis of Structure: Non linear static analysis is used to quantify
the resistance of the structure to lateral deformation and to read the mode of
deformation and intensity of local demands. Various techniques have been
recommended, developed, described in many literatures including the use of
constant lateral force profiles and the use of adaptive pushover and multimode
pushover approaches. Pushover technique provide useful information on the
overall characteristics of the structural system and can be used to identify some
(but not necessarily all) of the likely mechanism. Because the prescribed loading
used in pushover analysis can’t represent the potential range of loading
experienced in dynamic response, the results obtained by pushover analysis at best
represent and approximation of the non linear behaviour expected to develop in the
response to earthquake ground motions. The applicability of pushover analysis is
less clear for systems having discontinuities in strength and stiffness. The
development of pushover analysis and various techniques have been studied in

various literatures are described below briefly:

Vojko Kilar and Peter Fajfar (September ,1996): Discussed a simple method
for the nonlinear static analysis of complex building structures subjected to

monotonically increasing horizontal loading (push-over analysis) is presented. The



method is designed to be a part of new methodologies for the seismic design and
evaluation of structures. It is based on the extension of a pseudo three-dimensional
mathematical model of a building structure into the nonlinear range. The structure
consists of planar macro elements. For each planar macro element, a simple
bilinear or multilinear base shear - top displacement relationship is assumed. By a
step-by-step analysis an approximate relationship between the global base shear
and top displacement is computed. During the analysis the development of plastic
hinges throughout the building can be monitored. The method has been
implemented into a prototype computer program. In the paper the mathematical
model, the base shear — top displacement relationships for different types of macro
elements, and the step-by-step computational procedure are described. The method
has been applied for the analysis of a symmetric and an asymmetric variant of a
seven-story reinforced concrete frame-wall building, as well as for the analysis of a
complex asymmetric 21-story reinforced concrete wall building. The influence of

torsion on structural behaviour is discussed.

Joseph M. Bracci et al. (January ,1997):In this paper a procedure for evaluating
the seismic performance and retrofit of existing low-to-midrise reinforced concrete
(RC) buildings is proposed. The procedure is derived from the well-known
capacity spectrum method and is intended to provide practicing engineers with a
methodology for estimating the margin of safety against structural failure. A series
of seismic story demand curves is established from modal superposition analyses
wherein changes in the dynamic characteristics of the structure at various response
phases ranging from elastic to full failure mechanism are considered. These
demands are compared to the lateral story capacities as determined from an
independent inelastic pushover analysis. The distribution of lateral forces used in
the progressive pushover analysis is based on stiffness dependent incremental story
shear demands and forms a critical aspect of the methodology. The proposed
technique is applied to a one-third scale model, three-story reinforced concrete
frame building that was subjected to repeated shaking table excitations, and that

was later retrofitted and tested again at the same intensities. This study indicates
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that the procedure can provide reliable estimates of story demands versus

capacities for use in seismic performance and retrofit evaluation of structures.

Eduardo Miranda(1999,April):Studied Both structural and non structural
damage sustained during earthquake ground motions produced primarily by lateral
displacements. Thus, adequate damage control can be achieved if lateral
deformations are controlled by providing enough lateral stiffness, lateral strength,
and energy dissipation capacity to a structure. However, current building codes are
based on lateral forces and give a secondary importance to lateral displacements.
Furthermore, maximum lateral displacements are typically checked near the end of
the design process for serviceability limits, by comparing the computed
displacements to an allowable upper limit on the maximum inter story drift. Lateral
displacements are typically computed as the displacements computed with a linear
elastic analysis of the structure when subjected to code-specified (reduced) lateral
forces multiplied by a displacement amplification factor that is intended to account
for the inelastic deformation expected in the structure during severe earthquake
ground motions. This approach has been criticized for being inconsistent, for
underestimating displacement demands, and for often relying on startlingly
different relationships between elastic and inelastic displacements. The objectives
of this paper are (1) to present an approximate method to estimate lateral
displacements and maximum inter story drifts in multi story buildings subjected to
earthquake ground motions; and (2) to compare the results of the proposed method
with those computed with detailed step-by-step time history analyses. The
approximate method is intended to be used during the preliminary design of new
buildings and for a rapid evaluation of existing buildings and is not intended to be
a substitute of more detailed analyses, which are appropriate during the final
evaluation of the proposed design of a new building or during the detailed

evaluation of existing buildings.
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A. S. Elnashai AND A. M. Mwafy( 2002):This paper addresses the issue of
horizontal over strength in modern code-designed reinforced-concrete (RC)
buildings. The relationship between the lateral capacity, the design force reduction
factor, the ductility level and the over strength factor are investigated. The lateral
capacity and the over strength factor are estimated by means of inelastic static
pushover as well as time-history collapse analysis for 12 buildings of various
characteristics representing a wide range of contemporary RC buildings. The
importance of employing the elongated periods of structures to obtain the design
forces is emphasized. Predicting this period from free vibration analysis by
employing ‘effective’ flexural stiffnesses is investigated. A direct relationship
between the force reduction factor used in design and the lateral capacity of
structures is confirmed in this study. Moreover, conservative over strength of
medium and low period RC buildings designed according to Euro code 8 is
proposed. Finally, the implication of the force reduction factor on the commonly
utilized over strength definition is highlighted. Advantages of using an additional
measure of response alongside the over strength factor are emphasized. This is the
ratio between the over strength factor and the force reduction factor and is termed
the inherent over strength (_i). The suggested measure provides more meaningful
results of reserve strength and structural response than over strength and force

reduction factors.

Rahul Rana et al. (August ,2004): In this study pushover analysis was performed
on a nineteen story, slender concrete tower building located in San Francisco with
a gross area of 430,000 square feet. Lateral system of the building consists of
concrete shear walls. The building is newly designed conforming to 1997 Uniform
Building Code, and pushover analysis was performed to verify code's underlying
intent of Life Safety performance under design earthquake. Procedure followed for

carrying out the analysis and results are presented in this paper.
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X.-K. Zou, C.-M. Chan(May ,2005): Studied on Performance-based design using
nonlinear pushover analysis, which generally involves tedious and intensive
computational effort and is a highly iterative process needed to meet designer-
specified and code requirements. This paper presents an effective computer-based
technique that incorporates pushover analysis together with numerical optimization
procedures to automate the pushover drift performance design of reinforced
concrete (RC) buildings. Steel reinforcement, as compared with concrete materials,
appears to be the more cost-effective material, that can be effectively used to
control drift beyond the occurrence of first yielding and to provide the required
ductility of RC building frameworks. In this study, steel reinforcement ratios are
taken as design variables during the design optimization process. Using the
principle of virtual work, the nonlinear inelastic seismic drift responses generated
by the pushover analysis can be explicitly expressed in terms of element design
variables. An optimality criteria technique is presented in this paper for solving the
explicit performance-based seismic design optimization problem for RC buildings.
Two building frame examples are presented to illustrate the effectiveness and

practicality of the proposed optimal design method.

Mehmet Inel (March,2006): Ascertained due to its simplicity, the structural
engineering profession has been using the nonlinear static procedure (NSP) or
pushover analysis. Modelling for such analysis requires the determination of the
nonlinear properties of each component in the structure, quantified by strength and
deformation capacities, which depend on the modelling assumptions. Pushover
analysis is carried out for either user-defined nonlinear hinge properties or default-
hinge properties, available in some programs based on the FEMA-356 and ATC-
40 guidelines. While such documents provide the hinge properties for several
ranges of detailing, programs may implement averaged values. The user needs to
be careful; the misuse of default-hinge properties may lead to unreasonable
displacement capacities for existing structures. This paper studies the possible
differences in the results of pushover analysis due to default and user-defined

nonlinear component properties. Four- and seven-story buildings are considered to
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represent low- and medium- rise buildings for this study. Plastic hinge length and
transverse reinforcement spacing are assumed to be effective parameters in the
user-defined hinge properties. Observations show that plastic hinge length and
transverse reinforcement spacing have no influence on the base shear capacity,
while these parameters have considerable effects on the displacement capacity of
the frames. Comparisons point out that an increase in the amount of transverse
reinforcement improves the displacement capacity. Although the capacity curve
for the default-hinge model is reasonable for modern code compliant buildings, it
may not be suitable for others. Considering that most existing buildings in Turkey
and in some other countries do not conform to requirements of modern code
detailing, the use of default hinges needs special care. The observations clearly
show that the user-defined hinge model is better than the default-hinge model in
reflecting nonlinear behaviour compatible with the element properties.

Curt B. Haselton (December ,2006): This study finds that that aspects of the
structural design (height, framing layout, etc.) have less impact on the final
performance prediction than the aspects of the collapse assessment methodology
(structural modelling uncertainties, and spectral shape).This emphasizes the
importance of developing a systematic codified assessment method that can be
used to demonstrate the performance of a structural system. Without a codified
assessment method, a collapse performance prediction will depend almost entirely

on how the analyst carried out the performance assessment.

Carlos Augusto Fernandes Bhatt (2007): Seen Catastrophes occurring due to
strong earthquakes, throughout the several regions of the planet revealed the
deficiencies of many constructions concerning its seismic resistance. In this study,
design/building problems were addressed, pointing out the best solutions to reduce
the buildings seismic vulnerability. Nowadays, seismic design of buildings in
design offices is performed in the majority of the cases using linear dynamic
analysis affecting the results obtained by a behaviour coefficient. In spite of the

celerity of this process meet the extremely rigid project time demands which must
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be accomplished in this area of business, it is important to develop and improve
methods that can better describe, for the particular situations, the real seismic
behaviour of the structures. When the structure is submitted to a seismic action
with enough intensity to cause significant damage, it stops working in a linear
regime, being therefore essential the proper description of the nonlinear behaviour.
In this work, besides the linear dynamic analysis, the nonlinear dynamic analysis
and nonlinear static Pushover analysis were presented and applied to two
reinforced concrete buildings. These later analyses allowed assessing and
describing, in a more rigorous way than the linear analysis, the structures nonlinear

behaviour when submitted to a seismic action.

A. Kadid and A. Boumrkik (2008): Discussed about the Boumerdes 2003
earthquake which has devastated a large part of the north of Algeria has raised
questions about the adequacy of framed structures to resist strong motions, since
many buildings suffered great damage or collapsed. To evaluate the performance
of framed buildings under future expected earthquakes, a non linear static
pushover analysis has been conducted. To achieve this objective, three framed
buildings with 5, 8 and 12 stories respectively were analyzed. The results obtained
from this study show that properly designed frames will perform well under

seismic loads.

Mehmed Causevic ,Sasa Mitrovic (July ,2010): According to their study several
procedures for non-linear static and dynamic analysis of structures have been
developed in recent years. This paper discusses those procedures that have been
implemented into the latest European and US seismic provisions: non-linear
dynamic time-history analysis; N2 non-linear static method (Euro code 8); non-
linear static procedure NSP (FEMA 356) and improved capacity spectrum method
CSM (FEMA 440). The presented methods differ in respect to accuracy,
simplicity, transparency and clarity of theoretical background. Non-linear static
procedures were developed with the aim of overcoming the insufficiency and

limitations of linear methods, whilst at the same time maintaining a relatively
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simple application. All procedures incorporate performance-based concepts paying
more attention to damage control. Application of the presented procedures is
illustrated by means of an example of an eight-storey reinforced concrete frame
building. The results obtained by non-linear dynamic time-history analysis and
non-linear static procedures are compared. It is concluded that these non-linear
static procedures are sustainable for application. Additionally, this paper discusses
a recommendation in the Euro code 8/1 that the capacity curve should be
determined by pushover analysis for values of the control displacement ranging
between zero and 150% of the target displacement. Maximum top displacement of
the analyzed structure obtained by using dynamic method with real time-history
records corresponds to 145% of the target displacement obtained using the non-

linear static N2 procedure.

M. K. Rahman et al. (2012): According to their version the Western region of
Saudi Arabia lies in a moderate seismic zone and seismic events of magnitude 5.7
were recorded in 2009 in areas near the holy city of Madinah. A historical event
involving ground cracking and fissuring with volcanic activity took place in the
year 1256. The recent seismic events have led to concerns on safety and
vulnerability of RC buildings, which were designed only for gravity loads in the
past devoid of any ductile detailing of joints. This paper presents a 3D nonlinear
static analysis for seismic performance evaluation of an existing eight-story
reinforced concrete frame-shear wall building in Madinah. The building has a
dome, reinforced concrete frame, elevator shafts and ribbed and flat slab systems
at different floor levels. The seismic displacement response of the RC frame-shear
wall building is obtained using the 3D pushover analysis. The 3D static pushover
analysis was carried out using SAP2000 incorporating inelastic material behavior
for concrete and steel. Moment curvature and P-M interactions of frame members
were obtained by cross sectional fiber analysis using XTRACT. The shear wall
was modeled using mid-pier approach. The damage modes includes a sequence of

yielding and failure of members and structural levels were obtained for the target
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displacement expected under design earthquake and retrofitting strategies to
strengthen the building were evaluated.

Aswin Prabhu T (2013): A 50-year old four story (8-bay and 3-frame) reinforced
concrete structure has been considered in this study, which lies in Zone II,
according to IS 1893:2000 classification of seismic zones in India. Masonry in fills
have been considered as non-structural members during this entire study. The
structure has been evaluated using Pushover Analysis, a non-linear static
procedure, which may be considered as a series of static analysis carried out to
develop a pushover curve for the building. The structure is simulated in
SeismoStruct Version 5.2.2 after being designed in STAAD.Pro v8i by considering
M15 concrete and Fe250 steel reinforcement. The pushover curve is generated by
pushing the top node of structure to the limiting displacement and setting
appropriate performance criteria. The target displacement for the structure is
derived by bi linearization of the obtained pushover curve and subsequent use of
Displacement Coefficient Method according to ASCE 41-06.

A. E. Hassaballaet al. (2014): In this paper a four-story residential existing
reinforced concrete building in the city of Khartoum-Sudan, subjected to seismic
hazard ,was analyzed. Plastic hinge is used to represent the failure mode in the
beams and columns when the member yields. The pushover analysis was
performed on the building using SAP2000 software (Ver.14) and equivalent static
method according to UBC 97. The principles of Performance Based Seismic
Engineering are used to govern the analysis, where inelastic structural analysis is
combined with the seismic hazard to calculate expected seismic performance of a
structure. Base shear versus tip displacement curve of the structure, called
pushover curve, is an essential outcomes of pushover analysis. The pushover
analysis is carried out in both positive and negative x and y directions. Default
hinge properties, available in some programs based on the FEMA -356 and

Applied Technology Council (ATC-40) guidelines are used for each member. One
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case study has been chosen for this purpose. The evaluation has proved that the

four-story residential building is not seismically safe.

Akshay V. Raut, Prof. RVRK Prasad (July ,2014): According to them many
urban multi storey buildings in India today have open first storey as an
unavoidable feature. This is primarily being adopted to accommodate parking or
reception lobbies in the first storey. This paper highlights the importance of
explicitly recognizing the presence of the open first storey in the analysis of the
building and also for immediate measures to prevent the indiscriminate use of soft
first storeys in buildings. Alternate measures, involving stiffness balance of the
open first storey and the storey above, are proposed to reduce the irregularity
introduced by the open first storey. The structural engineering profession has been
using the nonlinear static procedure (NSP) or pushover analysis. Modeling for
such analysis requires the determination of the nonlinear properties of each
component in the structure, quantified by strength and deformation capacities,
which depend on the modeling assumptions. Pushover analysis is carried out for
either user-defined nonlinear hinge properties or default-hinge properties, available
in some programs based on the FEMA-356 and ATC-40 guidelines. This paper
aims to evaluate the zone —II selected reinforced concrete building to conduct the
non-linear static analysis (Pushover Analysis). The pushover analysis shows the
pushover curves, capacity spectrum, plastic hinges and performance level of the
building. This non-linear static analysis gives better understanding and more

accurate seismic performance of buildings of the damage or failure element.
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2.1 Critical view on literatures:

The seven-story building, have clearly demonstrated the unfavourable
influence of torsion in asymmetric structures. The results indicate that, in
general, larger displacements and larger ductilities are required in an
asymmetric structure in order to develop the same strength as in the symmetric
structure, especially at the flexible and/or weak side of the building. If a
torsional plastic mechanism is formed the available strength of some macro
elements can not be fully exploited. Torsional rotations and the formation of a
torsional mechanism strongly depend on the structural elements which resist
loads in the direction perpendicular to the direction of the applied loading.

From the standpoint of evaluating the adequacy of the retrofit behavior, it can
be observed that the story demands intersect the capacity envelopes with
sufficient strength and displacement reserves. Although inelastic response is
evident during these base motions, collapse of the retrofitted structure is not

imminent for these levels of ground motion excitation.

The effect of the number of stories, of the lateral loading pattern, and of the
ratio of overall flexural and shear deformations on the ratio of spectral
displacement and maximum roof displacement was studied. It was concluded
that the difference between the spectral displacement and the maximum roof
displacement increases with the number of stories. Furthermore, for a given
number of stories, the difference between spectral displacement and maximum
roof displacement increases as overall flexural deformations increase with
respect to shear deformations. The lateral loading pattern has a very small
effect on the ratio of spectral displacement to the maximum roof displacement.
For buildings where overall shear deformations dominate over flexural
deformations, the ratio of the maximum IDR to the roof drift ratio is

significantly larger than for buildings where overall shear deformations are
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negligible with respect to overall flexural deformations, which means that
MRF buildings are likely to have larger concentrations of inter story drifts than
flexible-type buildings (shear wall buildings). The effect of the lateral loading
pattern on the concentration of inter story drifts is more pronounced for shear-
type buildings than for flexural-type buildings.

Over strength during earthquakes should be higher than the values obtained
from inelastic static analyses using the code lateral load distribution. The
triangular load is conservative in predicting the ultimate capacity. Also,
contributions of nonstructural elements should produce higher capacity and
hence higher over strength. If over strength is not accurately evaluated by
means of inelastic analysis, a lower bound may be utilized. A conservative
over strength factor of 2.0 is suggested for medium period RC buildings
designed and detailed to EC8 (in principle, this applies to other modern codes).
This limit can be applied to low-rise buildings since they usually possess

higher over strength than do medium-rise buildings.

Rigid end offsets significantly influence model behavior and force distribution
between elements. In shear wall buildings where pushover model uses frame
elements to model shear walls, the clear span of spandrels and any slender
columns formed due to wall openings is usually much smaller than the center
to-center span. These elements should be modeled with rigid end offsets and

nonlinear hinges should be assigned outside of the offset.

Steel reinforcement plays a significant role in controlling the lateral drift
beyond first yielding and in providing ductility to an RC building framework.
Using the principle of virtual work and the Taylor series approximation, the
inelastic performance based seismic design problem has been  explicitly

expressed in terms of the steel reinforcement design variables. Axial moment
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hinges and moment hinges should be considered in the nonlinear pushover
analysis of a frame structure so that the behavior of columns and beams can be
effectively modeled. It is important that uplifting tension induced by seismic
loading should be prevented in an RC building as the net tension in columns
tends to weaken the lateral resistance of such a structure and to result in a less

economical design.

The base shear capacity of models with the default hinges and with the user-
defined hinges for different plastic hinge length and transverse reinforcement
spacing are similar; the variation in the base shear capacity is less than 5%.
Thus, the base shear capacity does not depend on whether the default or user-
defined hinge properties are used. Plastic hinge length (L p) has considerable
effects on the displacement capacity of the frames. Comparisons show that
there is a variation of about 30% in displacement capacities due to L.
Displacement capacity depends on the amount of transverse reinforcement at
the potential hinge regions. Comparisons clearly point out that an increase in
the amount of transverse reinforcement improves the displacement capacity.
The improvement is more effective for smaller spacing. For example,
reducing the spacing from 200 mm to 100 mm provides an increase of up to
40% in the displacement capacity, while reducing the spacing from 200 mm to

150 mm provides an increase of only 12% for the 4-story frame.

The modeling uncertainty work in Chapter 5 was based on analyses of a single
four-story RC SMF building. While we used this estimate of uncertainty for
all buildings assessed in this study, further work could be done to generalize
the uncertainty calculations. We found that structural modeling uncertainties
have significant impacts on predicted collapse risk. Therefore, significant
future research is warranted to more fully understand the impacts that these
uncertainties have in collapse assessment. This study only addressed

uncertainties in structural design and modeling. We did not fully consider
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many other important uncertainties, such as construction uncertainty, human
error, etc. Future research is warranted to better understand the impact of not

accounting for such uncertainties in the collapse assessment process.

The inter storey drifts decreased in height for all the analyses and for the two
directions. This is a characteristic of framed structures; The inter storey drifts
were higher in the X direction than in the Y direction, because the structure,
as previously mentioned, is more stiff according to Y; Along the X direction,
the inter storey drift value between the floor 0 and floor 1 was higher for the
pushover analysis than for the nonlinear dynamic analysis. In the later case the
value obtained with the artificial accelerograms was closer to the pushover
analysis result than the one obtained with the semi-artificial accelerograms.
For the remaining inter storey drifts in this direction, between the floor 1 and
floor 2 and between the floor 2 and floor 3, the values obtained were higher
for the nonlinear dynamic analysis than for the Pushover analysis and, within
the nonlinear dynamic analysis, higher to the ones corresponding to semi-
artificial accelerograms; According to Y, the inter storey drifts values are
higher to the nonlinear dynamic analysis with semi artificial accelerograms,
followed by the Pushover analysis and finally by the nonlinear dynamic

analysis with artificial accelerograms.

The causes of failure of reinforced concrete during the Boumerdes
earthquake may be attributed to the quality of the materials of the used and
also to the fact that most of buildings constructed in Algeria are of strong
beam and weak column type and not to the intrinsic behaviour of framed
structures. The results obtained in terms of demand, capacity and plastic

hinges gave an insight into the real behaviour of structures.
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CHAPTER 3

NSP BASED EVALUATION

3.1 General: Present study tries to explore the applicability of non linear static

procedure (NSP) developed for assessment of existing building structures. The entire
study is hinged on static pushover analysis.

3.2 Pushover analysis:

Pushover analysis, a widely used method for seismic performance evaluation of a
structure, is a static nonlinear procedure in which the magnitude of the lateral loading
is incrementally increased in accordance with a certain predefined pattern along the
height of the building. With an increase in magnitude of loads weak links and failure
modes of the building can be observed. Pushover analysis can determine the behaviour of
the building including the ultimate load and maximum inelastic deformation. The
structure is pushed until a collapse mechanism developes. Local non linear effects are
modelled in the pushover analysis. The roof displacement against increased base shear
may be plotted to generate the pushover curve gives an idea about the maximum base
shear the structure is capable of resisting. The NSP is generally a more reliable approach
to characterizing the performance of a structure than are linear procedures. However, it is
not exact, and cannot accurately account for changes in dynamic response as the structure
degrades in stiffness or account for higher mode effects. When the NSP is utilized on a
structure that has significant higher mode response, the LDP is also employed to verify
the adequacy of the design. When this approach is taken, less restrictive criteria are
permitted for the LDP, recognizing the significantly improved knowledge that is obtained
by performing both analysis procedures. Although an elastic analysis gives a good
indication of the elastic capacity of structures and indicates where first yielding will

occur, it cannot predict failure mechanisms and account for redistribution of forces
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during progressive yielding. Inelastic analysis procedures help demonstrate how
buildings really work by identifying modes of failure and the potential for progressive
collapse. The use of inelastic procedures for design and evaluation is an attempt to help
engineers better understand how structures will behave when subjected to major
earthquakes, where it is assumed that the elastic capacity of the structure will be
exceeded. This resolves some of the uncertainties associated with code and elastic
procedures. Thus the static pushover analysis is becoming a popular tool for seismic
performance evaluation of existing and new structures. The expectation is that the
pushover analysis will provide adequate information on seismic demands imposed by the
design ground motion on which the structural system and its component. The aim of
basic safety objective is to have a low risk of life threatening injury during a moderate
earthquake (DBE) and to check the collapse of vertical load resisting system during
severe earthquake(MCE).As per 1S-1893(2002),the DBE is assumed to be fifty percent
that of MCE but not rationally defined based on probabilistic approach. The collapse
prevention level under MCE can be selected which is only one performance level and
though this does not meet the damage control requirement for frequent earthquake, by
pushover analysis the consequences under MCE can be predicted. The reserve strength of
building, non linear behaviour and the amount it can be pushed until collapse are under

the focus of this study.

‘ t
s 4 Bsaos = =
& 5 5 s
. / 7 A
i ( ; Z v
> k= o) g 4
511 ' (ol /’
.: o
ot .;}l.AV\.:‘ S }:'
‘j:r {1 —te
Root dsplacenent (1)
1) Bualdue nodel 1) Pushover curve

Fig 3.1.1 : Building model and Pushover curve
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3.2.1

b)

Evaluation result:

Pushover analysis may provide

Pushover curve

Demand and capacity spectrum and their tabulated values

Pushover curve: It will provide base shear capacity and inelastic roof
displacement. Global ductility of the structure can be calculated as the ratio of
roof displacement at ultimate base shear to roof displacement at the onset of

yielding.

Capacity spectrum: If the base acceleration is plotted with respect to the roof

displacement, it is termed as capacity spectrum. The spectral acceleration and the

spectral displacement, as calculated from linear elastic response spectrum for a

certain damping value is plotted as acceleration- displacement-response spectrum.

With the increase of nonlinear deformation of the components, the equivalent

damping and the time period increases. The spectral acceleration and displacement

values can be modified by multiplying factor as per 1S5-1893(2002).

c)

d)

Demand spectrum: The instantaneous spectral acceleration and displacement
point, which is called demand point, shifts to a different response spectrum for
higher damping. The locus of the demand point in the ADRS plot is referred to as

demand spectrum which corresponds to the inelastic deformation of the building.

Performance point: It is a point where the capacity curve crosses the demand
curve. If the performance point exists and the damage state at this point is
acceptable, the structure is assumed to satisfy the target performance level. If the
capacity spectrum is always less than demand spectrum performance point could

not be reached, the structure fails to achieve target performance level (CP
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performance level).Again if the performance level is achieved at a substantially
greater roof drift than the typical specified value of the selected performance level
then the performance of the structure seems to be unsatisfactory.

Pushover analysis will also provide the deflected shape, formation of hinges with
increasing load and the performance levels of the hinges at the performance point.
The deflected shape and the concentration of hinges in a storey can reveal soft
storey mechanism. The inelastic drift profile can be plotted from the displacement
values of the centre of mass of the storey, which can also reveal soft storey
mechanism. The no of hinges formed in the beams and the columns at the
performance point or at the point of termination of performance point of pushover
analysis can be used to study the vulnerability of the structure. The Pushover
analysis is approximate in nature and based on statically applied load. It estimates
an envelope curve of the behavior under dynamic loading and must be interpreted

with caution to understand the actual behavior under seismic loading.

) Initial Structural

Period \

T=0'I|S

5% Damping (Initial) 4

T=Te

——

< —————

Capacity Spectium

Spectral Acceleration

S~ o A
T
Demand Specrom T "J /l
Y
e

Spectral Displacement

Fig 3.1.2 : Demand and capacity spectra
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3.3 Pushover Analysis using FEMA 356 CM:

3.3.1 Basis of the procedure:

For seismic analysis of the building by Nonlinear Static Procedure (NSP), a mathematical
model directly incorporating the nonlinear load-deformation characteristics of individual
components and elements of the building shall be subjected to monotonically increasing
lateral loads representing inertia forces in an earthquake until a target displacement is
exceeded.

3.3.2 Modelling and Analysis Considerations:

The selection of a control node, the selection of lateral load patterns, the determination of
the fundamental period, and analysis procedures shall comply with the requirements of
this section. The relation between base shear force and lateral displacement of the control
node shall be established for control node displacements ranging between zero and 150%
of the target displacement, ot.

The component gravity loads shall be included in the mathematical model for
combination with lateral loads as specified in this document. The lateral loads shall be
applied in both the positive and negative directions, and the maximum seismic effects
shall be used for design. The analysis model shall be discretized to represent the load-
deformation response of each component along its length to identify locations of inelastic
action. All primary and secondary lateral-force-resisting elements shall be included in the
model. The force-displacement behaviour of all components shall be explicitly included
in the model using full backbone curves that include strength degradation and residual
strength, if any.

Alternatively, the use of a simplified NSP analysis shall be
permitted. In a simplified NSP analysis only primary lateral force resisting elements are
modelled, the force displacement characteristics of such elements are bilinear, and the
degrading portion of the backbone curve is not explicitly modelled. The simplified NSP

analysis shall only be used in conjunction with the acceptance criteria described in this

27



document. Elements not meeting the acceptance criteria for primary components shall be
designated as secondary, and removed from the mathematical model.

3.3.2.1 Control Node Displacement:

The control node shall be located at the centre of mass at the roof of a building. For
buildings with a penthouse, the floor of the penthouse shall be regarded as the level of the
control node. The displacement of the control node in the mathematical model shall be

calculated for the specified lateral loads.

3.3.2.2 Lateral Load Distribution:
Lateral loads shall be applied to the mathematical model in proportion to the distribution
of inertia forces in the plane of each floor diaphragm. For all analyses, at least two
vertical distributions of lateral load shall be applied. One pattern shall be selected from
each of the following two groups:
1. A modal pattern selected from one of the following:
e A vertical distribution proportional to the values of Cvx given in
Equation below. Use of this distribution shall be permitted only when
more than 75% of the total mass participates in the fundamental mode

in the direction under consideration, and the uniform distribution is

also used.
Fx = Cvx.V
Wyh¥
Cvx = - T
1 Wi h;

Where: C,y = Vertical distribution factor

k=2.0for T > 2.5 seconds
= 1.0 for T <0.5 seconds

V = Pseudo lateral load = C1C2C3CmS,W

C: = Modification factor to relate expected maximum inelastic displacements to
displacements calculated for linear elastic response.

C, = Modification factor to represent the effects of pinched hysteresis shape, stiffness,
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degradation, and strength deterioration on maximum displacement response. For linear
procedures C2 shall be taken as 1.0.

Cs = Modification factor to represent increased displacements due to dynamic P-A
effects.

Cm = Effective mass factor to account for higher mode mass participation effects.
Sa = Response spectrum acceleration

W = Effective seismic weight of the building

w; = Portion of the total building weight W located on or assigned to floor level i
Wy = Portion of the total building weight W located on or assigned to floor level x
hi = Height (in ft) from the base to floor level i

hx = Height (in ft) from the base to floor level x

e A vertical distribution proportional to the shape of the fundamental
mode in the direction under consideration. Use of this distribution
shall be permitted only when more than 75% of the total mass
participates in this mode.

e A vertical distribution proportional to the story shear distribution
calculated by combining modal responses from a response spectrum
analysis of the building, including sufficient modes to capture at least
90% of the total building mass, and using the appropriate ground
motion spectrum. This distribution shall be used when the period of

the fundamental mode exceeds 1.0 second.

2. A second pattern selected from one of the following:
e A uniform distribution consisting of lateral forces at each level proportional to the

total mass at each level.
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e An adaptive load distribution that changes as the structure is displaced. The adaptive
load distribution shall be modified from the original load distribution using a procedure
that considers the properties of the yielded.

3.3.2.3 Idealized Force-Displacement Curve:

The nonlinear force-displacement relationship between base shear and displacement of
the control node shall be replaced with an idealized relationship to calculate the effective
lateral stiffness, Ke ,and effective yield strength, Vy, of the building as shown in Figure 3-
1.This relationship shall be bilinear, with initial slope Ke and post-yield slope a. Line
segments on the idealized force-displacement curve shall be located using an iterative
graphical procedure that approximately balances the area above and below the curve. The
effective lateral stiffness, shall be taken as the secant stiffness calculated at a base shear
force equal to 60% of the effective yield strength of the structure. The post-yield slope, a,
shall be determined by a line segment that passes through the actual curve at the
calculated target displacement. The effective yield strength shall not be taken as greater

than the maximum base shear force at any point along the actual curve.

Approximately balance
areas above and below

Approximately balance
areas above and below

s S

T L—

5y S
(a) Positive post-yield slope (b) Negative post-yield slope

Fig 3.2: Idealized Force-Displacement Curves
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3.3.2.4 Period Determination
The effective fundamental period in the direction under consideration shall be based on
the idealized force displacement curve. The effective fundamental period, shall be

calculated by the following equation:

IS
[
~
&=

Where,

Ti = Elastic fundamental period (in seconds) in the direction under consideration
calculated by elastic dynamic analysis

Ki = Elastic lateral stiffness of the building in the direction under consideration

K. = Effective lateral stiffness of the building in the direction under consideration

3.3.3 Determination of Forces and Deformations:
For buildings with rigid diaphragms at each floor level, the target displacement, &t, shall
be calculated in accordance with Equation for target displacement given below or by an

approved procedure that accounts for the nonlinear response of the building.
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3.3.3.1 Target Displacement
The target displacement, t, at each floor level shall be calculated from the Equation

below:

2

0y = CoC1C,C58, 4L7rzg

Where,

C, = Modification factor to relate spectral displacement of an equivalent SDOF system to
the roof displacement of the building MDOF system calculated using one of the

following procedures:

C; = Modification factor to relate expected maximum inelastic displacements to

displacements calculated for linear elastic response:

=1.0 for T, > Ty

=[1.0+(R-1)T,/T,]/R for T, < Ty

T, = Effective fundamental period of the building in the direction under consideration,
sec.

T, = Characteristic period of the response spectrum, defined as the period associated with
the transition from the constant acceleration segment of the spectrum to the constant

velocity segment of the spectrum

R = Ratio of elastic strength demand to calculated yield strength coefficient calculated

by,
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Sa
R = Vy/wx Cm

S, = Response spectrum acceleration, at the effective fundamental period and damping

ratio of the building in the direction under consideration

Vy = Yield strength calculated using results of the NSP for the idealized nonlinear force
displacement curve developed for the building

W = Effective seismic weight of the structure

Cm = Effective mass factor from Table 3-1.Alternatively, Cm taken as the effective model

mass calculated for the fundamental mode using an Eigen value analysis.

C, = Modification factor to represent the effect of pinched hysteretic shape, stiffness
degradation and strength deterioration on maximum displacement response. Values of for
different framing systems and Structural Performance Levels shall be obtained from

Table 3-3. Alternatively, use of C2 = 1.0 shall be permitted for nonlinear procedures.

C5; = Modification factor to represent increased displacements due to dynamic P-Aeffects.
For buildings with positive post-yield stiffness, shall be set equal to 1.0. For buildings
with negative post-yield stiffness, values of shall be calculated using Equation (3-17) but

not to exceed the values set forth in

« (R— 1)

C; =1.0
3 + T,

a = Ratio of post-yield stiffness to effective elastic stiffness, where the nonlinear force

displacement relation shall be characterized by a bilinear relation shown in fig 3-1

g = acceleration of gravity
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Table 3-1 Values for Modification Factor c,*

Shear Buildings2 Other Buildings
Number of Stories Triangular Load | Uniform Load Pattern | Any Load Pattern
Pattern (2.2)
(1.1,1.2,1.3)
1 1.0 1.0 1.0
2 1.2 1.15 1.2
3 1.2 1.2 1.3
5 1.3 1.2 14
10* 1.3 1.2 15

1. Linear interpolation shall be used to calculate intermediate values.

2. Buildings in which, for all stories, inter story drift decreases with increasing height.

Table 3-2 Values for Modification Factor C,

Structural T<0.1 second® T > TS seconds

Performance Level Framing Framing Framing Framing
Type 1* Type 22 Type 1 Type 22

Immediate Occupancy | 1.0 1.0 1.0 1.0

Life Safety 1.3 1.0 1.1 1.0

Collapse Prevention 1.5 1.0 1.2 1.0

1. Structures in which more than 30% of the story shear at any level is resisted by any

combination of the following components, elements, or frames:

Ordinary moment-resisting frames, concentrically-braced frames, frames with partially-

restrained connections, tension-only braces, unreinforced masonry walls, shear-critical, piers,

and spandrels of reinforced concrete or masonry.

2. All frames not assigned to Framing Type 1.

3. Linear interpolation shall be used for intermediate values of T.
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3.3.4 Acceptance Criteria:

Components and elements analyzed using the nonlinear procedures shall satisfy
the following requirements. Prior to selecting component acceptance criteria,
components shall be classified as primary or secondary, and actions shall be
classified as deformation-controlled or force-controlled.

Deformation-Controlled Actions for the Simplified Nonlinear Static Analysis

Primary and secondary components modelled using the alternative simplified NSP
analysis shall meet the requirements of this section. Expected deformation
capacities shall not be less than maximum deformation demands calculated at the
target displacement. Primary component demands shall be within the acceptance
criteria for primary components at the selected Structural Performance Level.
Demands on other components shall be within the acceptance criteria for
secondary components at the selected Structural Performance Level.

Force-Controlled Actions

Primary and secondary components shall have lower bound strengths not less than
the maximum design forces. Lower-bound strengths shall be determined

considering all coexisting forces and deformations.

3.4 Pushover Analysis using ATC 40 CSM:
3.4.1 Capacity Spectrum method:

3.4.1.1 Basis of the procedure: The capacity spectrum method, a nonlinear static
procedure that provides a graphical representation of the global force-
displacement capacity curve of the structure (i.e., pushover) and compares it to the
response spectra representations of the earthquake demands, is a very useful tool
in the evaluation and retrofit design of existing concrete buildings. The graphical
representation provides a clear picture of how a building responds to earthquake

ground motion, and it provides an immediate and clear picture of how various
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retrofit strategies, such as adding stiffness or strength, will impact the building's
response to earthquake demands.

3.4.1.2 Modelling and Analysis Considerations: Two key elements of a
performance-based design procedure are demand and capacity. Demand is a
representation of the earthquake ground motion. Capacity is a representation of the
structure's ability to resist the seismic demand. The performance is dependent on
the manner that the capacity is able to handle the demand. In other words, the
structure must have the capacity to resist the demands of the earthquake such that
the performance of the structure is compatible with the objectives of the design.

3.4.1.2.1 Capacity: The overall capacity of a structure depends on the strength
and deformation capacities of the individual components of the structure. In order
to determine capacities beyond the elastic limits, some form of nonlinear analysis,
such as the pushover procedure, is required. This procedure uses a series of
sequential elastic analyses, superimposed to approximate a force-displacement
capacity diagram of the overall structure. The mathematical model of the structure
is modified to account for reduced resistance of yielding components. A lateral
force distribution is again applied until additional components yield. This process
is continued until the structure becomes unstable or until a predetermined limit is
reached. For two dimensional models, computer programs are available that
directly model nonlinear behaviour and can create a pushover curve directly. The
pushover capacity curve approximates how structures behave after exceeding their
elastic limit. This represents the lateral displacement as a function of the force
applied to the structure. The capacity curve is generally constructed to represent
the first mode response of the structure based on the assumption that the
fundamental mode of vibration is the predominant response of the structure. This
is generally valid for buildings with fundamental periods of vibration up to about

one second. For more flexible buildings with a fundamental period greater than
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one second, the analyst should consider addressing higher mode effects in the

analysis.
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3.4.1.2.2 Demand (displacement): Ground motions during an earthquake produce
complex horizontal displacement patterns in structures that may vary with time. Tracking
this motion at every time-step to determine structural design requirements is -judged
impractical. Traditional linear analysis methods use lateral forces to represent a design
condition. For nonlinear methods it is easier and more direct to use a set of lateral
displacements as a design condition. For a given structure and ground motion, the
displacement demand is an estimate of the maximum expected response of the building

during the ground motion.

Extend initial stifiness line up to
intersect elastic response spectrum.
Read elasiic speciral displacement,
Hoiasier 88 ordinate of intersection point.

:IL The Egual Displacemant Approximatio
estimates that the inelastic spectral
: displacement is the sama as that which
A E : would cccur if the structure remained
3 = H perfectly elastic.
S, / g Ky
a Capacity spectrum
a | <
7 T = Elastic response specirum
a 4 5 {5% damped)
a.
Demand o
Spectrum .
T d = T Gy = G >
B S d Spectral Displacement
Fig 3.6: Demand Spectrum Fig 3.7: Equal Displacement Approximation

3.4.1.2.3 Conversion of the Capacity Curve to the Capacity Spectrum: To use the
capacity spectrum method it is necessary to convert the capacity curve, which is in terms
of base shear and roof displacement to what is called a capacity spectrum, which is a
representation of the capacity curve in Acceleration-Displacement Response Spectra

(ADRS) format (i.e., Sa versus Sg).
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The required equations to make the transformation are:

where:

N
Z(w;gbu} lg PFi= modal participation factor for the
PF1= I;l (8-1) first natural mode.
62/ ou = modal mass coefficient for the first
z (widn)/ g natural mode.
. wilg = massassigned to level i.
2 ¢u = amplitude of mode 1 at level i.
3 N = level N, the level which is the
-g‘(w"m) le uppermost in the main portion of
O TR (8-2) the structure.
{E wil g}Z(qub,f )1 gj‘ vV = ba.se .shear. . ‘
i=1 il W = building dead weight plus likely
live loads, see Section 9.2.
VIW Amor=r100f displacement (V and the
= 3-3) associated Awor make up points on
o the capacity curve).
S: = spectral acceleration.
Sy Asoof (8-4) S¢ = spectral displacement (S: and the
PF 1 hraor associated S¢ make up points on

the capacity spectrum).

Any point Vi,Ar0r 0N the capacity curve is converted to the corresponding point Sai , Sdi

on the capacity spectrum using the above equations.
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. Capacity Curve Capacity Spectrum

Fig 3.8: Capacity curve and capacity spectrum

3.4.1.2.4 Conversion of the Demand Curve to the Response Spectrum in ADRS
format: Every point on a response spectrum curve has associated with it a unique
spectral acceleration, S,, spectral velocity, S, spectral displacement, Sd and period, T. To

convert a spectrum from the standard Sa vs. T format found in the building code to
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ADRS format, it is necessary to determine the value of Sdi for each point on the curve,

Sai, Ti This can be done with the equation:

17 5
Sd, = ag? ox8 T=2x/5"

Standard demand response spectra contain a range of constant spectral acceleration and a

second range of constant spectral velocity. Spectral acceleration and displacement at

period T, are given by:

Iin ADRS format,
lines radiating from
the origin have
constant periods.

c c
.2 ..‘v—_n...-._ - .__.,_,__..__._._____E
® @
5 \ ¥ T2
[1] o
g 3
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T \_ K
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o 17
o .
7] . 7 -
T, T, T,
Period, T Speciral Displacemant
1 Sy
Sa=@ 5,77 T=2x 5,
Traditional Spectrum ADRS Spectrum
(S, versus T) (S, versus S )

Fig 3.9.1: Response Spectra in Traditional and ADRS format

3.4.1.2.5 Reduced Response Spectrum: The equivalent viscous damping values can be
used to estimate spectral reduction factors (SR=1/B, B=Damping Coefficient) using
relationships developed by Newmark and Hall. As shown in Figure 8-14, spectral
reduction factors are used to decrease the elastic (5%damped) response spectrum to a
reduced response spectrum with damping greater than 5% of critical damping. For
damping values less than about 25 percent, spectral reduction factors calculated using the
Beq from equation below:
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1.

2.

3.

Ca& Cy are seismic coefficients

geology
characteristics,Site

depending on  Site
&soil

seismicity characteristics & Site

response Spectra.

SR is Spectral reduction value in

constant acceleration range of

spectrum.

SRy is spectral reduction value in

range  of

constant  velocity

spectrum.

Speciral Acceleration
o
>

Spectral Displacement -

Where,

1 321-068In(Br)
Bs 212

SRy =

231 —-0411ln
SRv = i = __u.—.iﬁ.f_}.
Be 1.65

Ber = xfo +5

Bo = hysteretic damping represented as
equivalent viscous damping

k = damping modification factor,

The term Po can be calculated as

1 Eb

ﬁn B 47 Esa

where,
Ep= energy dissipated by damping
Ego= maximum strain energy

Fig 3.9.2: Spectral acceleration and spectral displacement

3.4.1.2.6 Performance: Once a capacity curve and demand displacement is defined, a

performance check can be done. A performance check verifies that structural and non

structural components are not damaged beyond the acceptable limits of the performance

objective for the forces and displacements implied by the displacement demand.
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Fig3.10: Capacity spectrum superimposed over Response spectra in Traditional and

3.4.1.2.7 Intersection of Capacity Spectrum and Demand Spectrum: When the
displacement at the intersection of the demand spectrum™ and the capacity spectrum, di, is
within 5 percent- (0.95dpi <di < 1.05 dpi) of the displacement of the trial performance
point, api, dpi, dpi becomes the performance point. If the intersection of the demand
spectrum and the capacity spectrum is not within the acceptable tolerance, then a new api,
dpi point is selected and the process is repeated. Figure 8-22 illustrates the concept. The

performance point represents the maximum structural displacement expected for the
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3.4.2 Displacement Coefficient Method:

3.4.2.1 Calculating Demand Displacement using the Displacement Coefficient

Method: The displacement coefficient method provides a direct numerical process for
calculating the displacement demand. It does not require converting the capacity curve to
spectral coordinates. Construction of a bilinear representation of the capacity curve has
been done in this method. The post-elastic stiffness, Ks, by judgment is drawn to
represent an average stiffness in the range in which the structure strength has levelled off.

The effective elastic stiffness, Ks, is drawn by constructing a secant line passing through

the point on the capacity curve corresponding to a base shear of 0.6Vy, where Vy is
defined by the intersection of the Ke, and K, lines. The above process requires some trial

and error effort because the value for Vy is not known until after the Ke line is drawn.

Base Shear
o
[9)]
<
|

Roof Displacement

5y

representation
. Curve for
coefficient Method

Fig  3.13: Bilinear

of Capacity

Displacement
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The bilinear curve constructed for the displacement coefficient method will generally be
different from one constructed for the capacity spectrum method.

3.4.2.2 Effective fundamental period (Te) & Target displacement (8; ): Same as
calculated by using FEMA 356 except in change of few notations though the basis and

concept are same.

3.4.2.3 Checking Performance at the Expected Maximum Displacement: The
following steps should be followed in the performance check:
1. For global building response verify the following:
e The lateral force resistance has not degraded by more than 20 percent of the peak
resistance

e The lateral drifts satisfy the limits given in Table below-

Table: 3-3 : Performance level and inter storey drift limit

. Performance Level
Inter storey drift -
s Immediate . Structural
limit Damage control Life safety -
Occupancy stability
Max"gqm total 0.01 0.01-0.02 0.02 0.33%
rift Py
_Maximum 0.005 0.005-0.015 No limit No limit
inelastic drift

2. Identify and classify the different elements in the building. Any of the following
element types may be present: beam-column frames, slab-column frames, solid walls,

coupled walls, perforated walls, punched walls, floor diaphragms and foundations.

3. Identify all primary and secondary components. This classification is needed for the

deformation check in step 5.

4. For each element, identify the critical components and actions to be checked.
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5. The strength and deformation demands at the structure's performance point shall be
equal to or less than their respective capacities considering all co-existing forces acting

with the demand spectrum.

6. The performance of structural elements not carrying vertical load shall be reviewed for

acceptability for the specified performance level.

7. .Non structural elements shall be checked for acceptability for the specified

performance level.

3.5 Comparative chart for capacity spectrum & Displacement Coefficient Methods:

Analytical Procedures

Simplified Nonlinear
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3.6 Performance level of structure and element:
The performance levels are discrete damaged states identified from a continuous
spectrum of possible damage states. The structural performance levels are

i) Immediate Occupancy

ii) Life Safety

iii) Collapse Prevention

These three levels are arranged according to decreasing performance of lateral load &
vertical load resisting system. A target performance is defined by a typical value of roof
drift, as well as limiting value of deformation of the structural element. To determine
whether a building meets a specified performance objective response quantities from the
pushover analysis should be compared with limits for each of the performance levels.
According to FEMA 356,typical values of the roof drift are as follows:

a) For immediate occupancy, transient drift is about 1% with negligible permanent
drift.
b) For life safety, transient drift is 2% with 1% permanent drift.

c) Total 4% inelastic drift, whether transient or permanent.

A
== |
P 1 _ - _ ZI Global Ductility
E | LS /:/ RS
Load ‘/v = A7 Aymo
/
S
B’ -
- >la > ,D—I | Deformation |
Loaep >
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= 10=Immediate Occupancy
r i LS=Life Safety

Fig 3.14: Pushover curve and performance levels

CP=Collapse Prevention
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Performance levels of a structural element are specified in the load-deformation curve as
shown above. The actual value of these levels can be obtained from test results. However
in absence of test data, the following may be adopted as per ATC 40.

i) Immediate Occupancy =20% of A from point B, where A is the length of the
plastic platue.
i) Life safety =50% of A from point B

iii) Collapse Prevention =90% of A from point B

3.7 Types of non-linearity:
Both geometric and material non-linear ties are considered in this static nonlinear

pushover analysis.

3.7.1 Geometric non-linearity:

This is a type of non-linearity where the structure is still elastic, but the effects of large
deflections cause the geometry of the structure to change, so that linear elastic theory
breaks down. Typical problems that lie in this category are the elastic instability of
structures, such as in the Euler bulking of struts and the large deflection analysis of a
beam-column number. In general, it can be said that for geometrical non-linearity, an
axially applied compressive force in a member decreases its bending stiffness, but an
axially applied tensile force increases its bending stiffness. In addition, P-Delta effect is

also included in this concept.

3.7.2 Material non-linearity:

In this type of non-linearity, material undergoes plastic deformation. Material non-
linearity can be modelled as discrete hinges at a number of locations along the length of a
frame (beam or column) element and a discrete hinge for a brace element as discrete
material fibres distributed over the cross-section of the element, or as a series of material

points throughout the element.
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3.8 Pushover Analysis Solution Control :
Pushover analysis will continue until any of the following three conditions is satisfied:
a) Cumulative base shear is less than or equal to the base shear defined by the user :

User needs to define base shear until which pushover analysis will be performed since
design base shear (specific to particular seismic code) excludes non-linear effect. When
the structure is subjected to strong earthquake the actual base shear may be very high
compared to the design base shear. Under this condition there is no guarantee that the
structure will maintain desired performance level. This option is chosen when the

magnitude of base shear is known and the structure will be able to support that load.

b) Displacement at the control joint in the specified direction exceeds specified
displacement : -

This option is chosen when the amount of displacement is known i.e. how far the
structure will move but the amount of base shear that the structure will be subjected to is
not known. While defining this option please make sure that the displacement component
chosen at the control joint increases monotonically during loading. The control node shall

be located at the centre of mass at the roof of the building.

c) The structure becomes unstable : -
This happens whenever hinge formation is such that it renders the structure on the verge
of collapse. If neither base shear nor displacement at control joint is known, define a

higher value for both these options. During analysis instability will arise due to collapse

of different members and make the structure unstable.
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3.9 Vulnerability Index:

Vulnerability function may be defined as test of repair / damage against seismic
excitation. In case of pushover analysis the function of plastic hinges are considered to be
a measure of damage and non linear push are considered to be equivalent seismic

excitation.

The vulnerability index is a measure of the damage in a building obtained from the
pushover analysis. It is defined as a scaled linear combination (weighted average) of
performance measures of the hinges in the components, and is calculated from
performance levels of the components at the performance point or at the point of
termination of the pushover analysis. It has been mentioned earlier that the load
deformation curve for a particular hinge is assumed to be piece wise linear. The plastic
plateau (B-C) in the load deformation curve is subdivided into the performance ranges,
namely, B-10, 10-LS, LS-CP, CP-C, D-E, AND >E.

After the pushover analysis, performance ranges of the hinges formed in the component
can be noted from the deformed shape output. The number of hinges formed in the beams
and columns for each performance range are available the output. A “weight age factor”
(Xi) is assigned to each performance range. The proposed values of Xi are given in table.
As columns are more important than beam in global safety of building, an importance
factor of 1.5 is additionally assigned for columns. The building vulnerability index

“VI pigg” 1s accordingly given by the following weighted average.

15X NEX; + Y NIx;
YNE+ TN

VI bigg=

Here Ni° and N;" are the numbers of hinges in columns and beams, respectively, for the
i performance range. The summation sign intended to over the performance range, i=1,
2 V1 pigg is measure of overall vulnerability of building. A high value of VI pgq

reflects poor performance of the building components (i.e. high risk) as obtained from the
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pushover analysis. However, this index may not reflect a soft storey mechanism, in which
a performance point may not be achieved. A storey vulnerability index VI gorey Can be
defined to quality the possibility of a soft/weak storey with the formation of flexural
hinges. For each storey VI gorey is defined as

c
X XiN;

VI storey = ZN-C
i

Where N is the number of column hinges in the storey under investigation for a particular
performance range. In a given building, the presence of soft / weak storey is reflected by
a relatively high value of Vlgqey for that storey, in relation to the other storey. If the
analysis is terminated due to the formation of shear hinges, then the above definition is
not applicable.

Table 3-4: Performance range and weight age factor

PERFORMANCE RANGE WEIGHTAGE FACTOR

(i) (Xi)

<B 0.000

B- 1.0. 0.125

1.0.-L.S. 0.375
L.S.-C.P. 0.625

C.P.-C 0.875

C-D,D-E AND >E 1.000

3.10 Limitation of Conventional Pushover Analysis:

Although pushover analysis has advantages over elastic analysis procedures,
underlying assumptions, the accuracy of pushover predictions and limitations of current
pushover procedures must be identified. The estimate of target displacement, selection of
lateral load patterns and identification of failure mechanisms due to higher modes of
vibration are important issues that affect the accuracy of pushover results. Target
displacement is the global displacement expected in a design earthquake. Most of the

time, roof displacement at mass centre of the structure is used as target displacement. The
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accurate estimation of target displacement associated with specific performance objective
affect the accuracy of seismic demand predictions of pushover analysis. In pushover
analysis, the target displacement for a multi degree of freedom (MDOF) system is usually
estimated as the displacement demand for the corresponding equivalent single degree of
freedom (SDOF) system.

Lateral loads represent, the possible distribution of inertia forces imposed on
structure during an earthquake. The distribution of inertia forces vary with the severity of
earthquake and with the duration of earthquake.

w;

Where,
F;; = Inertia force at ith storey at time j i1; = Instantaneous storey acceleration

W= Weight of ith storey

However, in pushover analysis, generally an invariant lateral load pattern is used
that the distribution of inertia forces is assumed to be constant during earthquake and the
deformed configuration of structure under the action of invariant lateral load pattern is
expected to be similar to that experienced in design earthquake. As the response of
structure, thus the capacity curve is very sensitive to the choice of lateral load distribution
, selection of lateral load pattern is more critical than the accurate estimation of target
displacement. Whether lateral loading is invariant or adaptive, it is applied to the
structure statically that a static loading cannot represent inelastic dynamic response with a
large degree of accuracy. From the above discussion on target displacement and lateral
load pattern it can be concluded that in pushover analysis assumes that response of
structure can be related to that of an equivalent SDOF system. Actually the response is
controlled by fundamental mode which remains constant throughout the response history

without considering progressive yielding.
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CHAPTER 4

PUSHOVER ANALYSIS BY SAP 2000

4.0 General :

Sap is an integrated software for structural analysis and design in which the Push-
over analysis features is included. The stepwise description of Push-over analysis

procedure is given below.

4.1 Step 1 Begin a New Model

File menu > New Model

(\ .
3¢, New Model o S

New Model Initialization Project Information
¢ |nitialize Model from Defaults with Units Modify/Show Info... I

(" Initialize Model from an Existing File

Grid Only Beam 2D Trusses 3D Trusses 2D Frames

E -

i

Woall Flat Slab Shells Staircases Storage
Structures

Select Template

Underground Solid Models  Cable Bridges Caltrans-BAG ~ Quick Bridge Pipes and
Concrete Plates

Fig 4.1: New model initialization
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= Define Menu > Coordinate Systems / Grids

%+ Quick Grid Lines Form

«» Define Grid Data Form

Quick Grid Lines

Cartesian Cylindrical |
[~ Coordinate System Name
[GLoBAL
: Number of Grid Lines
X direction [4—
Y direction [4—'
Z direction [5—
Z Grid Spacing
X direction ﬁﬂ—
¥ direction e
Z direction [32—

* First Grid Line Location
X direction
Y direction

Z direction

[ ok 1|

Cancel I

13 Define Grid System
Edit Format
1~ Units: Grid Lines
System Name [GLOBAL ’Kip, inF L‘ Quick Start...
X Grid Data -
GidID | Ordinste | Line Type | Visibiity | Bubble Loc. | Bubble Loc. &
1 A 6.1 Primary Show End
2 B 0. Primary Shaw End
C 6.1 Primary Show End
4 D 12.2 Primary Show End
|5 |
|8 |
I
8 =
Y Grid Data — Display Grids as
GidID | Ordinate | Line Type { Visibility \ Bubble Loc. | Bubble Loc. ¢ Ordinates {~ Spacing
1 0. Primary Show Start
2 6.1 Primary Show Start
3 122 Primary Show stat [~ Hide All Grid Lines
4 183 Primary Show Stat I Glueto GridLines
Bubble Size  1.2833
LI
Reset to Default Color
GidID | Ordingte | LineType | Visibiity | Bubble Loc. | il
21 0. Primary Show End 5
2 32 Pimay | Show End [ BesctiOninges |
Z3 6.4 Primary Show End
Z4 96 Primary Show End
z5 128 Primary Show End
Cancel

Fig 4.2: Quick grid lines and grid system data forms
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4.2 Step 2 Define Material

= Define menu > Materials

— Materials

4000Psi
AB15GIB0
AI92FY50
Fed15

-~ Click to:
Add New Material Quick...

Add New Material...

Add Copy of Material...

Modify/Show Material...

Delete Material

[” Show Advanced Properties

Cancel I

Fig 4.3: Materials data form

@
L X4

@
L X4

M
M

Material Property Data

aterial Property Data Form — Concrete
aterial Property Data Form — Rebar

Material Property Data

General Data

M15 |

Material Name and Display Color

Material Type I Concrete L‘

Material Notes Modify/Show Notes... |
|||~ Weight and Mass -Units
|
|l Weight per Unit Yolume |KN, mC _v_l
i Mass per Unit Volume 25493

Isotropic Property Data

Modulus of Elasticity, E 19364917

Poisson's Ratio, U 015

Coefficient of Thermal Expansion, & 1.170E-05

Shear Modulus, G 8419529,

z Other Properties for Concrete Materials

Specified Concrete Compressive Strength, f'c 15000
|~ Lightweight Concrete
Shear Strength Reduction Factor

Fig 4.4: Material property data forms for concrete and rebar

~ General Data
Material Name and Display Color |Fe41 5 .
Material Type I Steel _v_J
Material Notes Modify/Show Notes... I
~Weight and Mas ~Units :
Weight per Unit Yolume !KN, m,C _:]
Mass per Unit Yolume I—BJQ—-
|sotropic Property Data —
Modulus of Elasticity, E W
Poisson's Ratio, U W
Coefficient of Thermal Expansion, & W
Shear Modulus, G [7e303083
~ Other Properties for Steel Materials
Minimum Yield Stress, Fy W
Minimum Tensile Stress, Fu W‘S—Uﬁﬂ_
Effective Yield Stress, Fye W
Effective Tensile Stress, Fue EﬁSU_
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4.3 Step 3 Define Frame Section

= Define menu > Section Properties > Frame Sections

% Add Frame Section Property Form
% Rectangular Section Form
¢ Reinforcement Data Form for Column
++ Reinforcement Data Form for Beam
.
Rectangular Section -
Add Frame Section Property
Select Property Type | v )
Frame Section Property Type v Section Name IC45UM575
Click to Add a Concrete Section . Section Notes Madify/Show Notes... I
Propetties—————— - Property Modfiers— - Materia————
D O © D Section Properties.. ’ SetModiliers...’ ll M15 v
Rectangular Circular Pipe Tube - Dimensions ]
P
Depth (13) 0575 A
e ¢ o
?F \: :] Widh (12) 045 HH T
® L}
Precast | Precast U * $
EEEE . EEEE
Display Color [—
Concrete Reinforcement... |
| Cancel Cancel

Fig 4.5: Concrete section property and rectangular section property data forms
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r = = B
Reinforcement Data '-'!\

~ Rebar Material
——— Longitudinal Bars _+ |[#615G1E0 -
‘.Re_inforcement Data;“ - Confinement Bars [Ties) _+_]|AS1 5GIE0 v
~Rebar Material ~ Design Type

LonatudinalB ll | & Column (P-M2-M3 Design)
ongtudial Bars AbTal6L v ¢ Beam (M3 Design Orip)

Confrement Bars (Tes —I ABTSGiE0 1 M- Reinfarcement Configuration — - Confinement Bars
esgnTip l ' Rectangular @ Ties
i
I , " Circular ¢ Spial
(" Column (P-M2M3 Desian) |
I & Beam (M3 Design O] “ i Longitudinal Bars - Rectangular Configuration

! Clear Cover for Confinement Bars IU.U4

Il - Concrete Cover to Longtudinl Rebar Center————————— || Number of Longit Bars Along 3dic Face. |3

' Top 10'04 Nurmber of Longit Bars Along 2-dir Face l4
! Bt IU 0 Longitudinal Bar Size ﬂlZBd vl
ottom ¢
| ~ Confinement Bars
- Reinforcement Overides for Ductle Beams————————————
' ¢ Confinement Bar Size _'FJI #8 v I
Left Right
g i Longitudinal Spacing of Confinement Bars IU.3
Top IU‘ IU‘ | Number of Confinement Bars in 3-dir l4
Battort IU IU Number of Canfinement Bars in 2-dir |4
~ Check/Design
" Reinforcement to be Checked
oK I Cancel | ‘ (¢ Reinforcement ta be Designed Cancel I

s —— - »

Fig 4.6: Reinforcement data forms for beam and column
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4.4 Step 4 Add Frame Objects

= Draw Menu > Snap to > Points and Grid
*  View Menu > Set 2D View

Line Object Type Straight Frame
Section B250x400
Moment Releases Continuous
XY Plane Offset Normal 0,
Drawing Control Type MNone <space bar>

Fig 4.7: Properties of object data form

Add Restraints

= Assign Menu > Joint > Restraints

- Restraints in Joint Local Directions

v Translation 1 |V Rotation about 1

v Translation 2 |v Rotation about 2

[V Translation 3 |V i Rotation about 3

— Fast Restraints

| | 5] |

0K Cancel |

Fig 4.8: Joint restraints data form
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4.5 Step 5 Define Load Patterns

=  Define Menu > Load Patterns

[~ Load Patterns -Click To:

Self Weight Auto Lateral
Load Pattem Name Multiplier Load Pattern Add New Load Pattern

Modify Load Pattern

SUPER DEAD

Delete Load Pattern

Show Load Pattern Notes... I

live roof slab ROOF LIVE

Fig 4.9: Load patterns data form

4.6 Step 6 Assign Gravity Loads

= Assign Menu > Frame Loads > Distributed

Frame Distributed Loa

Load Pattern Name 1 Units-
_+||DEAD vl [KN, m, C vl
- Load Type and Direction—————— [~ Options
* Forces ¢ Moments (" Add to Existing Loads
Coord Sys |GL08AL _'_I * Replace Existing Loads
Direction |Gravit_u Ll " Delete Existing Loads

2 Trapezoidal Loads

; 2 3
Distance  |0. [0.25 [0.75

Load 0. (i} 0. [}

¢ Relative Distance from End-l " Absolute Distance from End-l

- Uniform Load

Load IS.S OK I Cancel

Fig 4.10: Frame distributed loads data form
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4.7 Step 7 Define Response Spectrum Function

= Define Menu > Functions > Response Spectrum Functions
% Response Spectrum Function Definition Form

- Response Spectra - Choose Function Type to Add——

RES |5 18331 Z

UNIFRS

- Click to:
Add New Function... |

Modify/Show Spectrum... |

Delete Spectrum |

0K I Cancel |

I e
Response Spectrum Function Definition

‘ — Function Damping Ratio—

Function Name [RES 1S 183311 ‘ foos
~ Function File ~Values are:
File Name __Blo_w_s_e;._J ~ Frequency vs Value
c:\usershpchdocumentshirs actual.txt & Period vs Value
Header Lines to Skip '1—
Convert to User Defined View File J

~ Function Graph

1 N
Display Graph | (32812 ., 0.4148)

Cancel I

Fig 4.11: Response Spectrum function definition form and display graph
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4.8 Step 8 Define Response Spectrum Load Case

=  Define Menu > Load Cases

— Load Case Name 1 - Notes————— ; Load Case Type
IEEI-X Set Def Name ] ‘ ‘ Modify/Showe... [ |Flesponse Spectrum L‘ Design... | ‘
— Modal Combination — Directional Combination——————————
PR GMc 1 [1 & SRSS
¢ SRSS amc 2 Jo. ¢ CQc3
" Absolute o o I—:] ¢ Absolute [
~ GMC Periodic + Rigid Type |SRSS - Scale Factor I— |
N ¢ NRC 10 Percent
¢~ Double Sum
- Modal Load Case
Use Modes from this Modal Load Case IMODAL - I
l Loads Applied
Load Type Load Mame Function Scale Factor
[Bccel jut ~||RES 15 189: v |[0.479

RES IS 183311 Add
kM odify I
Delete I

I~ Show Advanced Load Parameters

— Other P.

Modal Damping | Constant at 0.05 Modify/Show... I

Cancel l

Fig 4.12: Response Spectrum load case data form

4.9 Step 9 Define Mass Sources

= Define Menu > Mass Source

— Mass Definition
¢~  From Element and Additional Masses
= From Loads
¢~ From Element and Additional Masses and Loads

— Define Mass Multiplier for Loads
Load Fultiplier
|DE&D

dead wall Add

dead stair 3
dead point 2 rodify l
dead slab

live stair Delete I

live slab

Cancel I

Fig 4.13: Mass source data form
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4.10 Step 10 Define Load Combinations
= Define Menu > Combinations

Load Combination Dat:

Load Combination Name [User-Generated) [1.5(DL+LL)

Notes Modify/Show Notes. ..

Load Combination Type Linear Add _v_]

i~ Options

onvert ta User Load Combo I Create Nonlinear Load Case from Load Combo I

-~ Define Combination of Load tase Results

Load Case Name Load Case Type Scale Factor
DEAD v |[Cinear Static |15

dead point Linear Static g Add
dead slab Linear Static

dead stair Linear Static Modify

dead wall Linear Static

live roof slab Linear Static ; Delete
live slab Linear Static : 4]
live stair Linear Static

Fig 4.14: Load combination data form

4.11 Step 11 Concrete Frame Design
= Define Menu > Concrete Frame Design > View/Review Preferences

% Design Menu > Concrete Frame Design > Start De-sign / Check of

Structure

Concrete Frame Desi
Item Description
item Value
1 | Desian Code Indian IS 456-2000
Multi-Response Case Design Envelopes
Number of Interaction Curves 24
4 umber of Interaction Points 11
5 _| Consider Minimurm E coentricity Yes
6 | Gamma (Steel] 115
Gamma (Concrete] 15
8| Pattern Live Load Factor 0.75
9| Utilization Factor Limit 0.95
Explanation of Color Coding for Values
Blue: Default Value
= = - = Black: Not a Default Val
~Set To Default Values - || Reset To Previous Values ack: Hetabeladlvale
Allltems | Selected Items | Allltems | Selected Items | Red: Value that has changed during
| the current session
Cancel

Fig 4.15: Concrete frame design data form
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4.12 Step 12 Linear Analysis & Unlock the Model
= After completing the design of the building Unlock the Model.

[I"SAP2000 v14.2.0 Advanced - 1S BHAWAN Ol S e o S|
File Edit View Define Bridge Draw Select Assign Analyze Display Design Options Tools Help
D Mg o 7 & » D OO @®PO M 3dw wpew P 48 BMEA % mfzdt-nd o T~ B~ _

% 3-D View = ol )

- B

;BEDOJ [/ /

3 e
T %

X~ .23

—_

3D View X000 Y000 2000 [GLoBAL  v|[KN.mC ~|

Fig 4.16: Window for unlocking the model after linear analysis and design

4.13 Step 13 New Load Case of Gravity Loads

= Define > Load Case > Add New Load Case consisting of Gravity loads (i.e.
dead load and % of live load). This load case consists of force controlled loads

since load application type is full load.

Load Case Name MNotes Load Case Type

Gravity Set Def Name | Modify/Show... | | Static ~ | Design...
Initial Conditions Analysis Type
¢ Zero Initial Conditions - Start from Unstressed State ¢ Linear

¢~ Continue from State at End of Nonlinear Case ¢ Nonlinear

ant Note:  Loads from this previous.case & ¢~ MNonlinear Staged Construction

Modal Load Case Geometric Nonlinearity Parameters
All Modal Loads Applied Use Modes from Case MODAL - " MNone

@« P
Loads Applied ; z Ee:la - .
b t
Load Type Load Name Scale Factor elta’plus Large Displacements
Load F'alterrL”DEAD _v_H‘I

T [DEADS
dead point

Load Pattern 2de
Load Pattern
Load Pattern
Load Pattern
Load Pattern
Load Pattern

dead slab

b

1

1 =
dead stair 1. Modify
dead wall 1:

0.25

058 Delete

live slab
live stair

Other Parameters

Load Application Full Load Modify/Show.. H
Results Saved Final State Only Modify/Show.. Cancel
Nonlinear Parameters Default Modify/Showe...

Fig 4.17: Gravity load case data form
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4.14 Step 14 Assignment of Hinges to Frame Elements

= Assign > Frame > Hinges

3¢ S8PI00014.2 ¢ Aavanced - SMAF < STOREY L ——

Eile Edit View Define Draw Select | Assign Apalyze Display Design Options JTools Help
Do HE o= ¢ & » D D Joint *het © & B % o izt ond
) Frame > Frame Sections
1| 52 x-v Plane @ z=132 (===
E Material Property Ovengrites.
~ Releases/Partial Fixity
~N
h..4
= Joint Loads
7 Frame Loads
O
= Fireproofing
@
" Qutput Stations.
e P-Dglta Force.
=
of
af Joint Patterns. -~
4 Patt »n/Compression Limits
- Assign
] Update Ge d Hinge Properties Hinge Oyerwrites
—
I« Clear Display of Assigns Line Springs.
4
1«
4 Material Temperstures...
= Automatic Frame Mesh.

Fig 4.18: Window for assignment of frame hinges

= Add Hinges to the selected beams the hinge type form will appear

Select a FEMA356 Table

'Table B-7 [Concrete Beams - Flexure) Item i

Dearee of Freedom
M2
& M3

Component Type
& Primary

" Secondary

Transverse Reinforcing

[T Transverse Reinforcing is Conforming

W Value From

(¢ Case/Combo ] Gravity

" User Value v2

Reinforcing Ratio [p - p') / pbalanced
(¢ From Current Design

" UserValue

Deformation Controlled Hinge Load Carrying Capacity

¢ Drops Load After Point E
" |s Extrapolated After Point E

Cancel I

Fig 4.19: Hinge assignment data form for concrete beams
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= The hinges should be assigned at both the ends which means at the relative

distance of 0.05 and 0.95 and form will appear.

- —_—
Frame Hinge Assignments

Hinge Property

Relative Distance

I — Frame Hinge Assignment Data

IAuto LI o

‘Auto M3 1.

— Auto Hinge Assignment Data

Type: From Tables In FERMA 356
DOF: M3

Table: Table 6-7 [Concrete Beams - Flexure] ltem i

Modify/Show Auto Hinge Assignment Data. .. I

Cancel '

Fig 4.20 Frame hinge assignment data form

= |n similar manner assign hinges to all columns by repeating steps as previously
carried out for beams the only difference is that column should be assigned P-M2-

M3 hinges instead of M3 hinges.

g Auto Hinge Assignment Data CE—
—Auto Hinge Type
From Tables In FEMA 356 -

~ Select a FEMA356 Table
i | Table 6-8 (Concrete Columns - Flexure) ltem i ~|
| -Component Type——— [ Degree of Freedom P and ¥ Values From :
i & Primary o M2  PM2 (& Case/Combo | Gravity ~
l ¢ Secondary M3 " P-M3  UserValue
' T M2-M3 <+ P-M2-M3

V2 V3 ]
l i~ Transverse Reinforcing — Deformation Controlled Hinge Load Carrying Capacity
I~ Transverse Reinforcing is Conforming (¢ Drops Load After Point E

I " |s Extrapolated After Point E
\
| Cancel_|
=

Fig 4.21: Hinge assignment data form for concrete columns

64




4.15 Step 15 Define Pushover Load Case

Define > Load Case > Add New Load Case > Push consisting of load in

proportion to the fundamental mode. This load case is deformation controlled load
case.

Load Case Name 1 Notes  Load Case Type 1
PUSH Set Def Name | Modify/Show... | [Static ~| Design...
Initial Conditions — Analysis Type
¢~ Zero Initial Conditions - Start from Unstressed State ¢ Linear
& Continue from State at End of Nonlinear Case | Gravity ~1 & Nonlinear
Important Note: - Laads fiom this previous case are included in the  Nonlinsar Staged Constuction
I/Irowd;;lil:oad Cése : a'eomerhric h’lor’\li’near’i’ky ﬁarameiers
All Modal Loads Applied Use Modes from Case MODAL V] " None
> @« P-Delt
Losds spolied (: P Delta Jus Large Displ i
Load Type Load Name Scale Factor LS APIE L SOe e onen s
i |Mode ~1h
I Modify
Delete
Other Parameters
Load Application Displ Control Modify/Show...
Results Saved Multiple States todify/Show... Cancel
Nonlinear Parameters Default Modify/Show...

Fig 4.22: Pushover load case data form

Load Case Type > Static, Analysis Type > Nonlinear and Geometric
Nonlinearity Parameters as P-Delta.

Load Application Control for Nonlinear Static Analysis

— Load Application Control
¢ Full Load

¢+ Displacement Control

— Control Displacement

¢+ Use Conjugate Displacement

" Use Monitored Displacement "
i Load to a Monitored Displacement M agnitude of |U.789
Monitored Displacement -
& DOF jul ~| atJoint  |451
€ Generalized Displacement I _'I

Cancel I

Fig 4.23: Load application control data form
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= |n pushover load case for other parameters, to modify the steps at which results
needs to be saved click Modify the results saved for non-linear static load case
form will appear. In this form for each state Minimum and Maximum number of

saved steps should be kept 1000 and 5000 in order to avoid solution coverage.

>~

Results Saved for Nonlinear Sfatic Load Cases

~ Results Saved

¢ Final State Only ¢ HMultiple States

- For Each Stage-

Minimum Number of Saved States |1 aoo
| kM aximum Mumber of Saved States I5UDD

Iv Sawve positive Displacement Increments Only

_ Cancel |

Fig 4.24: Minimum and maximum number of saved states form

= For unloading the hinge, Unload Entire Structure method should be used as

shown non-linear parameter form.

-
IX: Nonlinear Parameters

Material Nonlinearity Parameters Solution Control
I~ Mawximum Total Steps per Stage 200
I~ Maximum Null [Zero) Steps per Stage Ea—
v C Maximurm Constant-Stiff lterations per Step l_‘lU—‘
| 2 M aximum Newton-R aphson Iter. per Step ]40—
I~ Iteration Convergence Tolerance [Relative) Wﬁ—
= T Use Event-to-event Stepping Yes -
Event Lumping Tolerance [Relative) l'o_ﬁT—
Max Line Searches per Iteration IZU—
Line-search Acceptance Tol. [Relative) [U'l—‘
Line-search Step Factor FI?I—S—-
Hinge Unloading Method i~ Target Force Iteration -
¢ Unload Entire Structure Maximum Iterations per Stage 10
" Apply Local Redistribution Convergence Tolerance (Relative] ,001—
" Restart Using Secant Stiffness Acceleration Factor I1-
Continue Analysis If No Convergence No -
Reset To Defaults
Cancel l

Fig 4.25: Solution control form for nonlinear parameters
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4.16 Step 16 Graphically review of the Results

= Go to > Display > Show Static Pushover Curve

Static Monlinear Caze Plot Type Uitz
PUSH - |F|esu|tant Baze Shear vs Monitored Displacement j |KN, m, C j
w103 Displacement Current Plat Parameters
[wDPO1 -]

1207
1773
1047
377
787
65
527
397
267

1.

IIIIIIIIIIIIIIIIIIIIII rrrprre
036 048 060 072 D084 . 108 120 1.3

Mouse Pointer Location  Hariz | Wert |

Base Reaction

!
1.44 ¥10°3

Add Mew Parameters... |

Add Copy of Parameters... |

Madifp/Show Parameters. .. |

Fig 4.26: Display window for Static pushover curve

= Go to Display > Show Deformed Shape > Select Load Case > PUSH

Deformed Shape

l Case/Combo

Case/Combo Name

Multivalued Options
" Envelope [Max or Min)

(¢ Step
Scaling
¢ Auto
¢ Scale Factor
Options
[T ‘Wwire Shadow
[v Cubic Curve

Fig 4.27: Deformed shape data form
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CHAPTER 5

NUMERICAL STUDY

5.1General

The present study is intended for simplified analysis procedure to perform seismic
evaluation of some symmetric and asymmetric building models. A NSP based analysis is
done according to FEMA 356CM, FEMA 440 DM, ATC 40 CSM on G plus four storied
building models following same structural gridlines and elevation. Initially pushover
analysis is performed on the OMRF skeleton model of the buildings in SAP-2000
platform. The gravity loads are incrementally increased at first in a force controlled
manner. Then the lateral pushover subjected separately in X & Y directions in
displacement controlled manner. The distribution of the lateral force is assumed to be
model adaptive distribution with high mode. Seismic performances of the models are

observed along with vulnerability indices.

5.2 Case Study: The preliminary design parameters of the numerical models are as
follows:
1. Grade of concrete used is M 20 and grade of steel used is Fe 415.
2. Unit weight of R.C.C is 25 KN/m?,unit weight of P.C.C is 24 KN/m*and unit
weight of masonry wall is 20 KN/m?.
Building frame type is O.M.R.F.
Floor to floor height is 3.2 m.
Plinth height above G.L is 0.6 m.
Depth of foundation is 1.2 m below G.L.
Parapet wall height is 1.5 m.

Floor slab thickness is 125 mm and roof slab thickness is 140mm.
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External wall thickness is 250 mm and internal wall thickness is 125 mm.

10. Size of columns are 350mm x450 mm and size of beams are 300 mm x 400 mm.
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11. Live load on floor is 2.5 KN/m® and live load on roof is 1.5 KN/m?®.
12. Site located in seismic zone III.

13. Building is resting on medium soil.

14. Finishing (floor and plaster) thickness is 35 mm.

15. Finishing (roof treatment and plaster) thickness is 40 mm.

16. Opening for exterior walls is 50% and opening for internal walls is 15%.

5.2.1 :Load Calculations:

1) Wall load:

External wall load intensity = {0.25x1x (3.2-0.4)x20x0.5}KN/m =7 KN/m
Internal wall load intensity = {0.125x1x (3.2-0.4)x0.85x20}KN/m =5.95 KN/m
Parapet wall load intensity ={0.125x1x1.5x20}KN/m =3.75 KN/m

ii) Load from floor and roof slabs:

Floor slab D.L intensity=(0.125x25+0.035x24)KN/m?=3.965KN/m?=4KN/m?(approx)

Roof slab D.L intensity =(0.14x25+0.04x24) KN/m?=4.46 KN/m*=4.5 KN/m*(approx)

Table 5-1: Slab loading intensity

Shorter span

Trapezoidal/Triangular load
ordinate(max) in KN/m on beam

Type of load Type of slab Type of beam
length(m)
Slab on one side Slab on both sides
4 8 16
Floor
3 6 12
D.L
4 9 18
Roof
3 6.75 135
4 5 10
Floor
3 3.75 75
L.L
4 3 6
Roof
3 2.25 4.5
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The typical gridline plan and Y face elevation of the models as shown in figure 5.1 and

5.2 is considered for case study.
5.3 FOUR STORIED O.M.R.F BUILDING

The typical gridline plan and typical Y face elevation of all the models are given below.
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Fig 9.1 TYPICAL GRIDLINE PLAN OF MODELS
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Fig S.2 TYPICAL ¥ FACE ELEVATION OF MODELS
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5.4 MODELS SYMMETRIC ABOUT BOTH X & Y AXES
5.4.1 MODEL 1: RECTANGULAR MODEL

The plan and other details of rectangular model are given below.
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Fig 2.3 PLAN 0OF RECTANGULAR MODEL

The major axis of the columns are along X axis. The building is regular O.M.R.F type.
The sap skeleton model with slab diaphragm and wall diaphragm along with their load
distribution pattern are given below separately. The slabs and walls are assumed as rigid

diaphragm and the loading (D.L + L.L) are given accordingly.
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Fig 5.4 : Isometric view of rectangular model with slab diaphragm

Fig 5.5 Slab loading pattern of rectangular model
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Fig 5.6: Isometric view of rectangular model with wall diaphragm

‘ i ,& A ,

DV~ R

L AR.VAS

WV

A AT
A RS A
I CACH \EROCTRY
<h&r’ - .~lll iyl "f4\ = A

B2 87
’.‘U. s ta%« 51\
3 2 2 (&)

218
.ﬁ%

Fig 5.7 Wall loading pattern of rectangular model
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Results (Pushover curve, demand and capacity spectrum) from rectangular model in X &
Y direction are shown below where green colour indicates the pushover curve in capacity

spectrum, yellow colour indicates demand spectrum and performance point shown

separately.
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Fig 5.8 Rectangular model ATC 40 (X)

Static Nonlinear Case Plot Type Units
POSH i R g ,ATC-dD Capacity Spectrum Ll IKN, m, C LJ
«10-3 Spectral Displacement Current Plot Parameters
460 | | | ! VAR | | | |A4DPD1 >

Add New Parameters... |

Add Copy of Parameters... |

Modify/Show Parameters... I

Performance Point [V, D]
[(875.797 . 0.128)

Performance Point [Sa, Sd)
(0,153, 0.093)

Spectral Acceleration - g

Performance Point [Teff, Beff]
{(1.566 ., 0.250)

(|
21. 42 63. 84 105. 126 147, 168 189, 210.x10-3

Mouse Pointer Location Horiz | Vert |

Cancel

Fig 5.9 Rectangular model ATC 40 ()
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5.4.2MODEL 2: MODEL H

The plan and other details of model H are given below.
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Fig 510 PLAN OF MODEL H

The major axis of the columns are along X axis. The building is regular O.M.R.F type.
The sap skeleton model with slab diaphragm and wall diaphragm along with their load
distribution pattern are given below separately. The slabs and walls are assumed as rigid

diaphragm and the loading (D.L + L.L) are given accordingly.
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Fig 5.12 Slab loading pattern of model H
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Fig 5.13: Isometric view of model H with wall diaphragm
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Fig 5.14 Wall loading pattern of model H
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Results (Pushover curve, demand and capacity spectrum) from model H in X & Y
direction are shown below where green colour indicates the pushover curve in capacity

spectrum; yellow colour indicates demand spectrum and performance point shown

separately.
Static Nonlinear Case Plot Type Units
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Fig 5.15 Model H ATC 40 (X)

Due to mass and stiffness irregularity in the second bay of model H in Y direction there
was convergence problem while conducting non linear pushover analysis in Y direction.
Thus subsequent results such as pushover curve, demand and capacity spectrum were not

available in Y direction.
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5.4.3MODEL 3: MODEL I

The plan and other details of model | are given below.
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Fig 216 PLAN OF MODEL I

The major axis of the columns are along X axis. The building is regular O.M.R.F type.
The sap skeleton model with slab diaphragm and wall diaphragm along with their load
distribution pattern are given below separately. The slabs and walls are assumed as rigid

diaphragm and the loading (D.L + L.L) are given accordingly.
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Fig 5.18 Slab loading pattern of model |
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Fig 5.19: Isometric view of model I with wall diaphragm

Fig 5.20 Wall loading pattern of model |
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Results (Pushover curve, demand and capacity spectrum) from model | in X & Y
direction are shown below where green colour indicates the pushover curve in capacity

spectrum, yellow colour indicates demand spectrum and performance point shown

separately.
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Fig 5.21 Model | ATC 40 (X)
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Fig 5.22 Model | ATC 40 (Y)
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5.4.4MODEL 4: MODEL O

The plan and other details of model O are given below.
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Fig 9.23 PLAN LUF MUODEL [

The major axis of the columns are along X axis. The building is regular O.M.R.F type.
The sap skeleton model with slab diaphragm and wall diaphragm along with their load
distribution pattern are given below separately. The slabs and walls are assumed as rigid

diaphragm and the loading (D.L + L.L) are given accordingly.
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Fig 5.25 Slab loading pattern of model O
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Fig 5.26: Isometric view of model O with wall diaphragm

Fig 5.27 Wall loading pattern of model O
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Results (Pushover curve, demand and capacity spectrum) from model O in X & Y
direction are shown below where green colour indicates the pushover curve in capacity

spectrum, yellow colour indicates demand spectrum and performance point shown

separately.
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Fig 5.28 Model O ATC 40 (X)
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Fig 5.29 Model O ATC 40 (V)
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5.4.5 RESULT DISCUSSION OF SYMMETRIC MODELS:

Summary of the results obtained from pushover analysis for model 1to 4 in X & Y
direction are given in table 5-2 and table 5-3 respectively.

Table5-2 : Comparison of various seismic resisting features of symmetric models
along X direction

BASE ROCF SPECTRAL

=
3 5 BASE . SPECTRAL EFFECTIVE|EFFECTIVE
2R = PLAN | SHEAR |DISPLACE -| DISPLACE .
2F 9 SH.E':"Kim AREA@?) | PER UNIT | MENT )| -COERETION | et (50) E_E;IQD DAMFING
= in AREA am (%a) in m's m (Teffyins (Bes)
RECT 122493 | 165 | 742383 0.104 0.188 0.083 1.333 0.225
H X 109714 125 | 87771 | 0.105 0.201 0.078 1.252 0.223
I 109371 135 |[8.10155| 0.105 0.183 0.083 1.355 0.231
0 876517 150 |5.84345| 0.13 0.134 0.103 1.758 0.262
Table5-3 : Comparison of various seismic resisting features of symmetric models
along Y direction
z BASE | pooF SPECTRAL
= g BASE | x| SHEAR | oo, op| SPECTRAL | o = |EFFECTIVE[EFFECTIVE
2t C [SEEARM)|,pry oo |PERUNIT| (o o |ACCLERETION| /o o | PERIOD. | DAMPING
sk £ iy | AR apma PO e | MO | Teins | (g
- ENm)
RECT 875797 165 |530786| 0.128 0.153 0.093 1.566 0.25
H . Convergence problem in Y direction
764852 | 135 |5.66357| 0.139 0.136 0.104 1.753 0.253
0 762547 | 150 |5.08365| 0127 0.135 0.101 1.737 0.263

Comparison of base shear and roof displacement along X & Y direction are given in Fig

5.30 and 5.31 respectively for better understanding.
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Fig 5.30: BASE SHEAR (V) of symmetric models in X & Y Direction

It is observed that the base shear capacity per unit area of rectangular model, model H
and model | are higher than those of the model O in both X and Y directions as model O
has got a void space in the central region of its plan area. At the same time base shear
capacity in Y direction of all the models are considerably lower than base shear capacity
in X direction. This happens as the base dimension in X direction is more than that of Y

direction.

In case of model H there was a convergence problem while performing non-
linear analysis in Y direction as in the second bay there is a sudden reduction of mass and

stiffness resulting in irregularity in Y direction.
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Fig 5.31: ROOF DISPLACEMENT (Dr) of symmetric models in X & Y Direction

Roof displacement in Y direction is higher than roof displacement in X direction in
general because of the higher rigidity in X direction. Roof displacement in X direction of
model O is higher than those of the other models as the diaphragm rigidity of model O is

minimum among the symmetric models.

Roof displacement of model I in Y direction is significantly higher due to reduced
stiffness in the 1% and 3" bay in Y direction. For model O roof displacements in both the
directions are more or less same as the base shear capacity for this particular model are

nearby in both the directions.
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Comparison of Spectral Acceleration and Spectral displacement along X & Y direction of
the symmetric models considered are shown in Fig 5.32 & 5.33 respectively.
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Fig 5.32: Spectral Acceleration of symmetric models (S;) in X & Y Direction

Spectral acceleration in rectangular model, model H, I are in tune in X direction due to
similar lateral stiffness and mass distribution. For models rectangle and | spectral
accelerations are lower in Y direction than that in X direction but for model O spectral
acceleration in X and Y direction are more or less same and lower than spectral
accelerations of other models in X direction.
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Fig 5.33: Spectral Displacement (Sq) of symmetric models in X & Y Direction
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Spectral displacement in Y direction is higher than spectral displacement in X direction
in general. Spectral displacement of model O is higher than those of the other models in
X direction. For the other models spectral displacements in X direction are more or less
similar. Spectral displacement of model I in Y direction is significantly higher. These
observations are of similar nature as those of roof displacements.

Comparison of Global Stiffness of different symmetric models is shown in Fig 5.34
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Fig 5.34: Global Stiffness of symmetric models in X & Y Direction

Global stiffness is more or less similar for rectangular model and model I in X
direction. For model H it is significantly higher in X direction and for model O it is
slightly lower than model 1 and model 3.This happened due to orientation of mass along

X direction.

For rectangular model global stiffness in both the directions are same .For model
| it is a bit higher in X direction and for model O scenario is opposite. In | model there is

a discontinuity of mass in the 1% and 3™ bay in Y direction. For the same reason global
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stiffness of model O is lower in X direction but for Y direction removal of mass from the

unequally spaced grid gave advantage contributing higher global stiffness in Y direction.

Table 5-4: V4 in both direction for Symmetric models

Type of s
Model Direction | Vlyigg
RECT 0.41754
H X 0.625
I 0.41888
) 0.6525
RECT 0.46875
H
| v 0.56406
) 0.54167

Comparison of Building Vulnerability of different symmetric models is shown in Fig

5.35:
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Fig 5.35: Building Vulnerability (Vlpqg) of symmetric models in X & Y Direction
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Building vulnerability of models H and O are on higher side than in X direction
which may be due to discontinuous diaphragm action. However, the Vulnerability Index

of model I has not properly manifested by the above result.

Building vulnerability of models | and O are on higher side compared to rectangular

model due to the disturbed diaphragm action in Y direction.

Table 5-5: Vlsorey in both direction for Symmetric models at all levels

Vistorey in both direction for Symmetric models
Storey . MODEL TYPE
o Direction
Height{m) RECT H | O

0 0.125 0.25 0.125 1
1.8 078125 025 |0.78125(0.125

5 . 0 0 0 0
82 X 0.125 0 0 0
114 0.125 0 0.125 0
146 0 0 0 0

0 0 Converge 0.125 1
1.8 1 nce 064063 | 0.125

5 15

52 ¥ D-%Jh problem E E
114 0 d;;;ﬂ 0 |o0125
146 0 0 0

Comparison of Storey Vulnerability at level 1.8 m of different symmetric models is

shown in Fig 5.36:
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Fig 5.36: Storey Vulnerability (Vlsorey) OFf Symmetric models at 1.8 m level in X & Y
Direction

Storey vulnerability of rectangular model and model | are similar in X direction whereas
storey vulnerability for model H and O are significantly lower in X direction. The value
of storey vulnerability is highest for rectangular model in Y direction. For model | this

value is a bit lower in Y direction and for model O it is the lowest.

In case of model O storey vulnerabilities in both the directions are same

and lowest of the lot.

94



5.5 MODELS ASYMMETRIC ABOUT BOTH X & Y AXES OR SYMMETRIC
ABOUT ONE OF THE AXES

The gridline plan and elevation of the asymmetric models are same as the symmetric

models and given earlier.
5.5.1 MODEL 5: MODEL C

Plan and other details of model C are given below.
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Fig .37 PLAN 0OF MODEL C

The major axis of the columns are along X axis. The building is regular O.M.R.F type.
The sap skeleton model with slab diaphragm and wall diaphragm along with their load
distribution pattern are given below separately. The slabs and walls are assumed as rigid

diaphragm and the loading (D.L + L.L) are given accordingly.
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Fig 5.39 Slab loading pattern of model C
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Fig 5.41 Wall loading pattern of model C
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Results (Pushover curve, demand and capacity spectrum) from model C in X & Y
direction are shown below where green colour indicates the pushover curve in capacity

spectrum; yellow colour indicates demand spectrum and performance point shown

separately.
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Fig 5.42 Model C ATC 40 (X)
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Fig 5.43 Model C ATC 40 (Y)
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5.5.2 MODEL 6: MODEL L

Plan and other details of model L are given below.
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Fig 544 PLAN OF MODEL L

The major axis of the columns are along X axis. The building is regular O.M.R.F type.
The sap skeleton model with slab diaphragm and wall diaphragm along with their load
distribution pattern are given below separately. The slabs and walls are assumed as rigid

diaphragm and the loading (D.L + L.L) are given accordingly.
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Fig 5.45: Isometric view of model L with slab diaphragm

Fig 5.46 Slab loading pattern of model L
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Fig 5.47: Isometric view of model L with wall diaphragm
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Fig 5.48 Wall loading pattern of model L
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Results (Pushover curve, demand and capacity spectrum) from model L in X & Y
direction are shown below where green colour indicates the pushover curve in capacity

spectrum, yellow colour indicates demand spectrum and performance point shown

separately.
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Fig 5.49 Model L ATC 40 (X)

Mass and Stiffness in the first bay of model L in Y direction are considerably larger than
those in second and third bays in Y direction, as well as base shear due to gravity load is
higher in Y direction compared to the base shear in the X direction. Due to these reasons
there was convergence problem while conducting non linear pushover analysis in Y
direction. Thus subsequent results such as pushover curve, demand and capacity
spectrum were not available in Y direction. Thus a new model broader L is introduced
eliminating mass and stiffness irregularity in both X & Y directions to nullify the
convergence problem and the results observed whether there is any improvement in base

shear capacity.
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5.5.3MODEL 7: MODEL BROADER L

Plan and other details of model Broader L are given below.
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Fig 2,50 PLAN OF MODEL BROADER L

The major axis of the columns are along X axis. The building is regular O.M.R.F type.
The sap skeleton model with slab diaphragm and wall diaphragm along with their load
distribution pattern are given below separately. The slabs and walls are assumed as rigid

diaphragm and the loading (D.L + L.L) are given accordingly.
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Fig 5.51: Isometric view of model Broader L with slab diaphragm

Fig 5.52 Slab loading pattern of model Broader L
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Fig 5.54 Wall loading pattern of model Broader L
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Results (Pushover curve, demand and capacity spectrum) from model Broader L in X &
Y direction are shown below where green colour indicates the pushover curve in capacity

spectrum; yellow colour indicates demand spectrum and performance point shown

separately.
Static Nonlinear Case Plot Type Units
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Fig 5.55 Model Broader L ATC 40 (X)
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Fig 5.56 Model Broader L ATC 40 (Y)
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5.5.4 MODEL 8: MODEL T

Plan and other details of model T are given below.
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Fig 907 PLAN OF MODEL T

The major axis of the columns are along X axis. The building is regular O.M.R.F type.
The sap skeleton model with slab diaphragm and wall diaphragm along with their load
distribution pattern are given below separately. The slabs and walls are assumed as rigid

diaphragm and the loading (D.L + L.L) are given accordingly.
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Fig 5.58: Isometric view of model T with slab diaphragm

Fig 5.59 Slab loading pattern of model T
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Fig 5.61 Wall loading pattern of model T
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Results (Pushover curve, demand and capacity spectrum) from model T in X & Y
direction are shown below where green colour indicates the pushover curve in capacity

spectrum; yellow colour indicates demand spectrum and performance point shown

separately.
Static Nonlinear Case Plot Type
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Fig 5.62 Model T ATC 40 (X)
Static Nonlinear Case Plot Type Units
PUSH ~] [BTC-40 Capacit [komc =]
<103 Spectral Displacement Current Plot Parameters
520. i A g i [sa0P01 ~1

Add New Parameters....

Add Copy of Parameters... I
Modify/Show Parameters... I

Performance Point [/, D]

312
[(762.547 . 2.298E-03 )

260. 3
Performance Point [Sa, Sd)
(0185, 0.091)

208.

Spectral Acceleration - g

156.
Performance Point (Teff, Beff]

[(1.369. 0.185)

C O S S e R B R
3

|
52. 78. 104. 130. 156. 182. 208. 234 260, 103

Mouse Pointer Location Horiz [ Vert I

Cancel

Fig 5.63 Model T ATC 40 (V)
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5.5.5MODEL 9: MODEL U

Plan and other details of model U are given below.
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Fig 564 PLAN OF MODEL U

The major axis of the columns are along X axis. The building is regular O.M.R.F type.
The sap skeleton model with slab diaphragm and wall diaphragm along with their load
distribution pattern are given below separately. The slabs and walls are assumed as rigid

diaphragm and the loading (D.L + L.L) are given accordingly.
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Fig 5.66 Slab loading pattern of model U
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Fig 5.67: Isometric view of model U with wall diaphragm

X ﬂ' ,.ua. i ‘.M % ,....,
IRt A
A B e e
S\ GBI

N AR
T

oly 2
e

o
[l

s
i

Fig 5.68 Wall loading pattern of model U
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Results (Pushover curve, demand and capacity spectrum) from model U in X & Y
direction are shown below where green colour indicates the pushover curve in capacity

spectrum; yellow colour indicates demand spectrum and performance point shown

separately.
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Fig 5.69 Model U ATC 40 (X)
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Fig 5.70 Model U ATC 40 (Y)
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5.5.6 RESULT DISCUSSION OF ASYMMETRIC MODELS:

Summary of the results obtained from pushover analysis for model 5t0 9in X & Y

direction are given in table 5-4 and table 5-5 respectively.

Table5-6: Comparison of various seismic resisting features of asymmetric models

along X direction

BASE
Hw § BASE | ppay | SHEAR D]ESL?!&PCE SPECTRAL gﬁ;&; EFFECIIVE|EFFECTIVE
S 5 |SEARM| g oo [ PERUNIT| P MACCIERETION| JPe v | PERIOD. | DAMPING
= = in KN .-‘l.REA‘ o (S2) inm's m (Teff)ins (Beff)
(KN/m")
C 852983 135 631839 0.136 0.143 0.106 1.726 0.233
L 592243 95 623414 | 0.138 0.141 0.109 1.758 023
BErL X 793.11 145 546972 0.144 0.134 0112 1.83 0.236
T 756.819 05 796652 0.134 0.184 0.09 1.401 0.208
U 1062.25 130 817116 | 0.103 0.19 0.081 1.305 0.23

Table5-7: Comparison of various seismic resisting features of asymmetric models

along Y direction

BASE
& 5 BASE | gy | SHEAR || SRR | [FFFECTIVE|EFFECTIVE
% E g SI—I.EAR_I:V} _%R.E_f'xl:m:} PER UNIT }IES'_;' D) ACCLE.R_ETI:DZ\ }IESI: 54) PERIIC.}D DAMPING
= = in KN -'l.R.Efk m (8a) in m's om (Teff)in s (Beff)
(KN/av)
C 749334 | 135 | 555062 | 0.167 0.129 0.111 1.858 0.25
L Convergence problem in Y direction
Brl Y 804.093 | 145 |554547| 0.136 0.132 0.108 1.818 0.251
T 762547 95 | 8.02681 | 0.002 0.185 0.091 1.369 0.185
U 991.743 | 130 |7.62879| 0.004 0.167 0.082 1.409 0.263

Comparison of base shear and roof displacement along X & Y direction are given in Fig

5.71 and 5.72 respectively for better understanding.
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Fig 5.71: BASE SHEAR (V) of asymmetric models in X & Y Direction

From the above figure it is clearly observed base shear capacity per unit area of model
Br L is lowest among all the models. Base shear capacity of model L is lowest due to its
asymmetric plan area about both the axes and mass and stiffness of the end bay becomes
huge compared to other two bays in both the directions, along the Y direction gridline
spacing is also unequal with this mass and stiffness irregularity, thus the non linear
analysis becomes non convergent and results in Y direction could not be obtained.

To overcome this plan irregularity as in model L, another model broader L is
introduced and from the above figure it is seen that there is an improvement of base shear
capacity in both the directions as well as convergence problem could be overcame. But
base shear per unit area has been decreased than model L meant the ratio of base shear

increase is much lower than the area increase in Br L compared to model L.

For model C and model U base shear capacity is on the higher side about X
axis. For model T they are almost same, though the model is symmetric about Y axis but
irregularity of mass and stiffness in the second bay compared to first and third one

reduces the base shear capacity along Y direction to some extent.
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Fig 5.72: ROOF DISPLACEMENT (D) of asymmetric models in X & Y Direction

Roof displacements of model T and U in Y direction are significantly small than the all
other displacements because of the plan irregularity along Y direction. Mass and stiffness
in the second bay in Y direction becomes huge compared to the other two in case of
model T and in case of model U the scenario is reverse. Not only that, due to this
irregularity after a certain percentage of analysis collapse mechanism becomes global and

no further analysis could be done along Y direction for these two models.

Roof displacements of all the models are on the higher side due to non symmetric
behaviour of the models. With close observation it could be seen that the results of roof

displacements are in tune with the corresponding base shear capacities of the models.
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Comparison of Spectral Acceleration and Spectral displacement along X & Y direction of
the asymmetric models considered are shown in Fig 5.73 & 5.74 respectively.
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Fig 5.73: Spectral Acceleration (S,;) of asymmetric models in X & Y Direction

Spectral accelerations of first three models are lower in both the directions compared to
model 8 &9.The value of spectral accelerations are highest for model T in both the
directions. If compared to the figure below it could be clearly observed that in models
where the spectral acceleration value is high spectral displacement is on the lesser side.
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Fig 5.74: Spectral Displacement (Sq) of asymmetric models in X & Y Direction
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It is noted that the trend of roof displacement has been carried over for spectral
displacement too. For model T and U spectral displacements are lesser than the other
models in both directions. For the other models they are more or less comparable.

Comparison of Global Stiffness of different asymmetric models is shown in Fig 5.75
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Fig 5.75: Global Stiffness of asymmetric models in X & Y Direction

For model T and model U global stiffness could not be calculated properly
along Y direction as because non linear analysis in Y direction could only be performed
to a certain percentage due to plan irregularity in Y direction. Thus the global stiffness
which is represented by the initial slope of the pushover curve could not be drawn
accurately. Rather it gives a very steeper slope resulting in very high global stiffness
which is not the proper representation of global stiffness which could have been obtained

if the analysis could be completed properly.

Among the models model U has got highest global stiffness along X
direction and model L having the lowest. For models C, broader L and T global

stiffnesses are in a comparable range.
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Table 5-8: Vlyigg In both direction for Asymmetric models

Comparison of Building Vulnerability of different symmetric models is shown in Fig

5.76:

T&gg;f Direction | Vg
C 0.56339
L 0.5625

BrL X 0.55052
T 0.47236
U 0.67986
C 0.42655
L

BrL Y 0.63942
T
U 0.4835

0.8
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0.5 4

0.2 -

0.1 -

Md C

Md L

Md br L

Md T

Md U

m Vibldgin X direction

mVIbldginY direction

Fig 5.76: Building Vulnerability (V1uqg) of asymmetric models in X Direction

Building Vulnerability of model T is lowest and model U is highest in X direction. For

models C, L and Br L the values are more or less same in X direction.
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In Y direction building Vulnerability of model C is lowest and model broader L is
highest due to its plan irregularity. For model L and T building Vulnerability could not be
calculated due to non convergence and early development of collapse mechanism (hinge

formation was not proper).

Table 5-9: Vlsworey in both direction for Asymmetric models at all levels

Vistorey in both direction for Asymmetric models
Storey Direction MODEL TYPE
Height(m) C L BrL T U
0 095313 | 096875 0.9 0.125 1
18 0.125 0.125 | 0.125 0 0
5 n 0 0 0 0 0
82 R 0 0 0 0 0
114 0 0 0 0 0.125
146 0 0 0 0 0.125
0 0.125 Converge 0975 0 1
1;;8 0.125 ce D_EES g E
5 0
% Y 0 prlcrblem 0 0 0
114 0 dﬁ”;m 0 0 | 0125
146 0 0 0 0.125

Comparison of Storey Vulnerability of different symmetric models at level 1.8 m is

shown in Fig 5.77:
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Fig 5.77: Storey Vulnerability (Vlsorey) OFf asymmetric models at 1.8 m level in X & Y
Direction

Storey Vulnerability of Model C, L and Broader L are more or less same at level
1.8 min both X and Y directions and the values are 0.125 which is comparatively lower.
But Storey Vulnerability of all these models show higher values at ground floor level
due to inadequacy of strength and stiffness at that level and attributed overall higher
values for building vulnerability for the models mentioned above. At a particular level the

values may be on lower side according to the formulation.
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5.6: RESULT DISCUSSION OF ALL MODELS

Table5-10: Comparison of various seismic resisting features of all models along X

direction
, z BAE | poor SPECTRAL

=i S BASE | pran | SEEAR |preprace |, SPECTRAL | 1yopr acy [FEEECTIVE|EFFECTIVE

QL 9 SHEAR (V) AREA(m) FERUNIT| \ENT () ACCLE.REH?E MENT (59) | ToaoD | DAMPING

= = in KN -'l.R.Efk om (Sa) inm's am (Teff)in = (Befi)

(KN/m')

FECT 122493 | 165 |742383| 0.104 0.188 0.083 1.333 0225
C 852083 | 135 |[631839| 0136 0.143 0.106 1.726 01233
H 1097.14 | 125 | 87771 | 0.105 0.201 0.078 1.252 0.223
I 109371 135 |8.10155| 0.105 0.183 0.083 1.355 0231
L X 592243 95 6.23414 | 0.138 0.141 0.109 1.758 0.23
BrL 793.11 145 [ 546972 | 0144 0.134 0.112 1.83 0236
0 876.517 | 150 |584345| 013 0.134 0.103 1.758 0.262
T 756.819 95 | 796652| 0.134 0.184 0.09 1401 0.208
U 106225 | 130 |817116| 0.103 0.19 0.081 1.303 0123

Table5-11: Comparison of various seismic resisting features of all models along Y
direction
= BASE
3 | BAE | g | SESR | RO | seECTRAL | FRCTRL lermRcTIvE prRECTIVE
. 5 |SEAR® ARE;M:} PERUNIT| - - . ACCLERETION| | - sg | PEROD | DAMPING
% = in KN %RE% nm (Sa) in m/'s” om (Teffjms |  (pefl)
= (KN'm')

RECT 875797 | 165 530786 0.128 0.153 0.093 1.566 0.25
C 749334 | 135 553062 0167 0.129 0.111 1.858 0.25
H Convergence problem in Y direction
1 764852 | 135 [566557] 0139 | 0136 | 0104 | 1753 | 0253
L Y Convergence problem in Y direction
Brl g04.093 | 145 | 554547 0.136 0.132 0.108 1.818 0.251

762347 | 150 508365 | 0127 0.135 0.101 1.737 | 0.263
762547 95 | 8.02681| 0.002 0.185 0.091 1369 | 0.183
001.743 | 130 |7.62879| 0.004 0.167 0.082 1409 | 0263
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Fig 5.78: BASE SHEAR (V) in X & Y Direction for all models

With close observation it could be seen that the base shear capacities of the models
symmetric about both the axes are higher than the base shear capacities of the models
asymmetric about both the axes or symmetric about one of the axes only. Although base

shear per unit area of model T and U are on higher side.

Among all the models base shear capacity per unit area of model H is highest in X
direction. Among the asymmetric models model U has got higher base shear capacity per
unit area and model L and Br L being asymmetric about both the axes and maximum plan
irregularity has got lower values. Among the symmetric models model O has got lower

base shear per unit area due to its disturbed diaphragm action at centre.

For model | base shear capacity along Y direction is a bit lower because of the re

entrant corner of the model along Y direction.
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Fig 5.79: ROOF DISPLACEMENT (Dy) in X & Y Direction for all models

In general roof displacements of the symmetric models are lesser than that of the
asymmetric models and having parity with the base shear capacities of the corresponding

models.

Roof displacement of model C along Y direction is the highest among all the models
and roof displacements of rectangular model, model H and model I are on the lower side

compared to other models because of getting advantage of their plan symmetry.

Roof displacement of model U is lesser among the asymmetric models due to its
higher base shear capacity and target displacement has been taken on a node situated in

the bay of significantly higher mass and stiffness compared to other two bays.
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Table 5-12: Global Ductility & Global Stiffness in X direction of all models

Model type {Direction Vyin | 06 A, (m) (:l-ﬁt.} Clobal Ducity|  10= L3= | CP= sl?;;?:is
B X(RN) | Vy(®N) | Asm) | 75 S(ada) | (4,7024) | (A0.5) | (AH098) |
nm ’ ’ : ’ in X di

Rect 1092 | 63552 |0.045] 02 | 0155 (44444444441 0076 | 01225 | 0.1845 [203125
C 756.8 | 454.08 | 0053|0266 | 0.213 | 5.018867925 | 0.0956 | 0.1595 | 02447 | 217284

H 1568 | 9408 |0.024 0125 | 0.101 | 5208333333 | 00442 | 00745 | 0.1149 | 32000

I 968 | 580.8 |0.042]0.173] 0.131 | 4.119047619 | 0.0682 | 0.1075 | 0.1599 |19047.6

L X 536.8 | 32208 | 0054|0241 | 0.187 | 4462962963 | 00914 | 0.1475 | 02223 | 12200
BrL 7209 | 432541 0055|0309 | 0.254 | 5618181818 | 0.1058 | 0.182 | 02836 | 16875
0 716.1 | 42966 | 0.03 [0.186| 0.156 6.2 00612 | 0108 | 0.1704 | 15500

T 5775 | 3465 | 0047|0234 0.187 | 4978723404 | 00844 | 01405 | 02153 | 183333

U 054 | 5724 10039 017 | 0.131 | 4358974359 | 00652 | 0.1045 | 0.1569 |26666.7

Table 5-13: Global Ductility & Global Stiffness in Y direction of all models

Model type Direction VymV 06 A, (m) (ﬁj-ﬁt.) Cobal Ductfy)  10= | L§= | CP= sg;?:is
Y dir(KN) | Vy(RN) [Ar(m) (71T adA) | (4,5020) | (44058) [(AH098) |,
inm ’ ’ : ’ inY dir
Rect 7644 | 45864 | 0.029 |0.192] 0.163 | 6.620689655 | 0.0616 | 0.1105 | 01757 |202222
C 5775 | 3465 | 0.037|0.191|0.1544 | 5172972973 | 0.06788 | 0.1142 | 0.1759% | 17500

H Convergence problem in Y direction
I 6162 | 369.72 | 0.026 | 0.184 | 0.158 | 7.076923077 | 0.0376 | 0105 | 01682 |146296
L Y 0 0054]0241| 0187 | 4462962963 | 0.0914 | 01475 | 02223 | 12200
Brl 7052 | 4231210032 026 | 0228 §.125 0.0776 | 0.146 | 0.2372 | 20000
0 6956 | 41736 | 0.026 |0.172| 0.146 | 6.615384615 | 00352 | 0099 | 01574 |208889

T Incomplete analysis n Y direction

U Incomplete analysis in Y direction
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Fig 5.80: Global Ductility in X & Y Direction for all models

Global ductilities of model T and model U in Y direction could not be calculated properly
as non linear analysis in Y direction could only be performed to a certain percentage due
to plan irregularity in Y direction. For model L and model H results not available in Y

direction due to convergence problem.

Global ductilities of all the models have higher values in Y direction
compared to X direction. As along Y direction seismic masses and stiffnesses are lesser
due to shorter span length. Global ductility of model broader L is highest in Y direction
and lowest in model I in X direction. In general Global ductilities of symmetric models
are on higher side than those of asymmetric models thus giving better seismic

performance.
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Fig 5.81: Global Stiffness in X & Y Direction for all models

For models having higher global ductilities have lower global stiffness. This feature
is reflected in the above graph. Rectangular model has more or less similar global
stiffness along both the directions. Model H having lower global ductility in X direction
has higher global stiffness along X direction. Same conclusion could be drawn for model
u.

Symmetric models show lesser global stiffness than asymmetric models
specially in X direction. Model H has got highest global stiffness whereas model L has
got lower global stiffness due to its lesser seismic mass though it has got moderate global
ductility. Model C has got higher global stiffness along X direction as it showed lesser

global ductility along X direction.
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Table 5-14: Vlpiag & Vlsiorey Of all models in details in both X and Y direction

TYPE
OF LEVEL B 1.0 L.S C.P C
MODEL Vlbldg Vlstorey
COL | BM | COL | BM | COL | BM coL BM coL BM
0.00 8 0.125
RECT X 1.80 4 20 12 0.78125
5.00 24
8.20 4 4 20 0.41754 0.125
11.40 10 20 4 0.125
14.60 14
26 54 0 8 0 44 0 0 12 0
0.00
1.80 4 16 1
0.125
RECT v 5.00 10 18 6
8.20 24 0.46875
11.40 24
14.60 24
10 0 0 0 0 18 0 0 0 78
0.00 2 14 0.953125
1.80 16 10 14 0.125
MD C X 5.00 12 12
8.20 24 0.563393
11.40 12 12
14.60 12 12
16 12 0 34 2 62 0 0 14 12
0.00 16 0.125
1.80 10 18 2 0.125
MD C 5.00 6 20
8.20 6 20 0.426546
11.40 5 12 8
14.60 11 9
0 28 0 21 48 0 0 0 0
0.00 12 4 0.25
1.80 12 20 4 0.25
MD H X 5.00 10 10
8.20 20 0.625
11.40 10 10
14.60 14 6
0 0 0 0 0 34 0 0 0 46
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TYPE

OF LEVEL B 1.0 LS c.p
MODEL Vg Vlstorey
COL | BM [COL | BM |[COL| BM | cOL | BM | COL | BM
0.00
moHy | +80
5.00
8.20
11.40
14.60
0 0 0 0 0 0 0 0 0 0
0.00 16 0.125
1.80 | 4 | 14 10 12 0.78125
5.00 12 12
MR T80 24 0.418883
11.40 10 24 0.125
14.60 12 12
10 | 12 0 36 0 36 0 0 0 12
0.00 4 0.125
1.80 4 14 6 6 6 0.640625
5.00 10 10
MDY 8.20 20 | 0.564063
11.40 10 10
14.60 20
8 14 0 6 6 40 0 0 6 40
0.00 1 11 0.96875
1.80 10 4 12 0.125
MD L X 5.00 8 8
8.20 8 8 0.5625
11.40 16
14.60 12 4
0 0 0 12 0 36 0 0 0 16
0.00
1.80
MDLY 5.00
8.20
11.40
14.60
0 0 0 0 0 0 0 0
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TYPE

OF LEVEL 1.0 LS cp
MODEL Vg Vlstorey
COL | BM |COL | BM | COL | BM | COL | BM | cOL | BM
0.00 4 11 0.9
MD Br 1.80 15 10 12 0.125
L X 5.00 11 11
8.20 13 9 | 0550521
11.40 11 11
14.60 10 12
15 | 10 0 33 4 47 0 0 11 20
0.00 1 14 0.975
1.80 15 22 0.125
MD Br 5.00 22
LY 8.20 8 14 | 0.639423
11.40 22
14.60 18 4
15 0 0 18 1 56 0 0 14 36
0.00 16 1
1.80 12 24 0.125
5.00 24
MDOX 8.20 24 0.6525
11.40 24
14.60 24
12 0 0 24 0 48 0 0 16 48
0.00 16 1
1.80 16 24 0.125
MD O Y 5.00 24
8.20 24 | o541667
11.40 2 24 0.125
14.60 24
0 0 24 0 48 0 0 0 48
0.00 9 0.125
1.80 16
MD T X 5.00 11 5
8.20 6 10 | 4472356
11.40 4 12
14.60 6 10
9 0 0 16 0 27 0 0 0 37
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TYPE

OF LEVEL 1.0 LS c.p
MODEL Vlbigg Vlstorey
CoL | BM |coL|BM |[coL| BM | coL | BM | coL | BM
0.00
mpTy | 1:80
5.00
8.20
11.40
14.60
0 0 0 0 0 0 0 0 0 0
0.00 16 1
1.80 3 17
5.00 2 18
MPUX 820 10 10 | o.679861
11.40 15 20 0.125
14.60 4 3 17 0.125
19 0 0 3 0 52 0 0 16 45
0.00 16 1
1.80 20
5.00 15 5
MPUY ™8 20 20 0.4835
11.40 8 4 16 0.125
14.60 1 12 8 0.125
9 16 0 79 0 5 0 0 16 0
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Fig 5.82: Building Vulnerability (Vluqg) in X & Y Direction for all models

Among the symmetric models rectangular model and model | are less vulnerable whereas
model H and O are on the higher side of vulnerability. All the asymmetric models are
more or less highly vulnerable to earthquake. Model U has got the highest vulnerability

index among all the models in X direction.

For models H and L there was convergence problem in Y direction and results could
not be obtained whereas for model T due to early development of collapse
mechanism(hinge formation was not proper) results not available. In case of rectangular
model, model C and model U building vulnerabilities are lower and for the other models

they are on higher side.
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Table 5-15: Vlsorey in both directions for all models in all levels

Vistorey in both dir
Storey Direction MODEL TYPE

Height(m) RECT C H I L BriL 0 T U

0 X 0.125 0.95313 | 0.25 0.125 0.96875 0.9 1 0.125 1

Y a 0.125 0.125 0.975 1 a 1

18 X 0.78125 0.125 0.25 0.78125 0.125 0.125 0.125 a a

Y 1 0.125 0.64063 0.125 0.125 0 0

5 X 0 0 0 ] 0 0 0 0 0

Y 0.125 0 0 0 0 a a

8.2 X 0.125 0 ] 0 a 0 0 a a

Y 0 0 0 0 0 0 0
11.4 X 0.125 0 0 0.125 0 0 0 0 0.125
Y a 0 0 0 0.125 a 0.125
14.6 X a 0 ] 0 a 0 0 a 0.125
Y 0 0 0 0 0 0 0.125

The higher value of Vigeey 0f Rectangular and 1 model at 1.8 m level clearly indicates
the formation of soft storey due to absence of slab at 1.8 m level. However, the higher
values of Vigerey for L, Br L, O, U at ground level indicates the inadequacy of stiffness

and strength at that level.

1.2
1
o
< 038
>
Q
w 0.6
g M Vistorey in X dir
§ 0.4 VistoreyinY dir
(%]
>
0.2 I
. I
RECT | | BrL |
MODEL TYPE

Fig 5.83: Storey Vulnerability (Vlsorey) at 0 m level in X &Y Direction for all models
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Fig 5.84: Storey Vulnerability (Vlsorey) at 1.8 m level in X &Y Direction for all models
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Fig 5.87:

Storey Vulnerability (Vlsorey) at 11.4 m level in X & Y Direction for all models
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CHAPTER 6

CONCLUSION

6.1 General

The present study deals with seismic analysis of symmetric and asymmetric building
models with same gridline plans and elevations. Only the building configurations has
been changed and a NSP based analysis is done according to FEMA 356CM, FEMA 440
DM, ATC 40 CSM on G plus four storied building models. Pushover analysis is
performed on the OMREF skeleton model of the buildings in SAP-2000 platform and the
performance point, demand and capacity spectra, seismic vulnerability, global stiffness of
the models are evaluated. Overall seismic performances of the models are observed along

with vulnerability indices.

6.2 Observation and conclusion: Based on the detailed study of the results of pushover

analysis and subsequent discussion the following may be concluded:

)} The symmetric building configurations manifested better seismic
performances in general as evident from the study of models considered.

i) The Rectangular building model exhibit better seismic features in both
directions compared to other symmetrical models. It has relatively higher base
shear capacity, lower roof displacement and less vulnerability index.
However, the presence of soft storey due to absence of infill walls at ground
level is clearly indicated by the higher value of storey vulnerability at that
level. Spectral accelerations and spectral displacements of the models are in
tune with their base shear capacities and roof displacement values. Similarly,
the global stiffness of different models in X and Y direction depends on the
distribution of rigidity including diaphragm action.

iii) The seismic performance of uni-axial uniformity of building configuration

like H,I etc. shows better behaviour along their symmetric axis of stiffness
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compared to the other axis as expected. The vulnerability index of building of
model | along X direction(0.419) is less than those value along Y
direction(0.564) strongly establish the above statement.

iv) Asymmetric models having high plan irregularities in one or both directions
perform relatively poor under seismic load. In many cases analyses could not
be completed or collapse mechanism develops at a very early stage for these
kind of building configurations. Similar to the symmetric models Spectral
accelerations and spectral displacements of the asymmetric models also are in
tune with their base shear capacities and roof displacement values. Global
stiffness of models C, Br L and T are in the same range.

V) The seismic performances of asymmetric building models are complex in
nature and depend on degree of asymmetry in general. The Vlpgg in X
direction of L model reduces from 0.563 to 0.550, when the plan irregularity
decreases. Similarly, the Vlpgg in Y direction of the broader L model is much
more than that of X direction for greater asymmetry in Y direction. The Vlpigg
may be adopted as a good indicator of seismic performance in general.

vi) Pushover analysis seems to provide a global understanding of various seismic
performances of different building configuration. The base shear capacity
along with roof displacement may provide the strength and ductility capacity
with respect to seismic performance.

vii)  The vulnerability index of the different building models is able to quantify the

seismic performance of most of the building models in general manner.

6.3 : Future scope of work : The study has been made for a four storied O.M.R.F
building with adequate size of beams and columns having the same structural gridline

plan. Further study may include the effects of

a) Changing the building configurations having same plan area.

b) Buildings with different size of column and beam.
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9)

Comparative study with present work introducing the soft storey effect.
Development of vulnerability index formulation based on present study.
Comparative study of different seismic load resisting features for different storied
buildings.

Comparative study with S.M.R.F type building models.

Variation of infill dimension and properties.
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APPENDIX

le— 15 —f+——2—=|=—1.5—=|

0 SO " 85 ™ 5]

Fig A.1: Trapezoidal loading with shorter span length of slab 3 m

Fig A.2: Triangular loading with shorter span length of slab 3 m

|-—a——|—-—1—- 22—

g W 4 M =)

Fig A.3: Trapezoidal loading with shorter span length of slab 4 m
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S—

Fig A.4: Triangular loading with shorter span length of slab 4 m

Table A-1: Load calculations

Slab load case

Trapezoidal with shorter span

Triangular with shorter

Type | Type
; ; Type of length of slab span length of slab
0 0
beam 3m 4m 3m 4m
load | slab i i
Reference Fig | Reference Fig | Reference Reference
Al A3 Fig A.2 Fig A4
Slab on a= (4x1.5) a= (4x2) a= (4x1.5) a= (4x2)
one side =6 =8 =6 =8
Floor | Slab on
both a= (4x1.5x2) a= (4x2x2) a= (4x1.5x2) a= (4x2x2)
=12 =16 =12 =16
sides
DL
Slab on a= (4.5x1.5) a= (4.5x2) a= (4.5x1.5) a= (4.5x2)
one side =6.75 =9 =6.75 =9
Roof | Slab on
a= (4.5x1.5x2) a= (4.5x2x2) a= (4.5x1.5x2) a= (4.5x2x2)
both
=135 =18 =135 =18
sides
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Slab load case
Trapezoidal with shorter span Triangular with shorter span
Type | Type
‘ ‘ Type of length of slab length of slab
0 0
beam 3m 4m 3m 4m
load | slab i i
Reference Fig | Reference Fig Reference Reference
Al A3 Fig A.2 Fig A4
Slab on a= (2.5x1.5) a= (2.5x2) a= (2.5x1.5) a= (2.5x2)
oneside | =3.75 =5 =3.75 =5
Floor | Slab on
both a= (2.5x1.5x2) a= (2.5x2x2) a= (2.5x1.5x2) a= (2.5x2x2)
0
=75 =10 =75 =10
sides
LL
Slab on a= (1.5x1.5) a= (1.5x2) a= (1.5x1.5) a= (1.5x2)
oneside | =2.25 =3 =225 =3
Roof | Slab on
both a= (1.5x1.5x2) a= (1.5x2x2) a= (1.5x1.5x2) a= (1.5x2x2)
0
=45 =6 =45 =6
sides

B. Response Spectrum text file:

|15 1893 T RESPONSE SPE

File Edit Help
IS 1893:2002 Response Spectra for soil type II (Medium Soil) -

Format View

Time
|Period
LT(sec)

Spectral
Acceleration
sa/g

5

5

Z

36

-133333333

-971428571
85

v

-755555556
68

544
-453333333
388571429

.34
- 302222222
272

- 247272727
.226666667
.209230769
-194285714
-181333333
.17

16
-1511113111
-143157895
-136

FOOWRONNOAOUUERWWNNEFEEFEFOOOO
[% Y B, BV, BV, RV, BV, IV N R N X

CO00O00000000O00000000OHKHHNNE

Fig B.1: Response Spectrum text file
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