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ABSTRACT

Observations of structural damage following recent major
earthguakes have indicated that ground motion characteristics have a
signifFicant effect on the damage of building structures. An analytical
study is undertaken to investigate the effect of ground motion
characteristics on the inelastic response of multistorey reinforced
concrete frame structures and to evaluate the seismic performance of
reinforced concrete frame structures designed in conformance with current
Canadian seismic provisions. In addition, the possibility of using
simplified analysis procedures to estimate inelastic response is studied
for regular building frames subjected to different types of earthguake
around motions.

An earthquake data set consisting of 45 horizontal components of
strong motion records is selected and subdivided into three groups
representative of seismic ground motions having low, intermediate, and
high peak acceleration-to-velocity (A/V) ratios. This data set s
analvzed to investigate the significance of the A/V ratio as a parameter
to indicate the dynamic characteristics of earthquake garound motions
resultina from different seismic environments. Four regular moment
resisting reinforced concrete building frames having different
fundamental periods are designed for combined gravity and seismic effects
determined in accordance with the 1985 edition of the National Building
Code of Canada (NBCC 1985), The structural members are proportioned and
detaiied to satisfy the requirements of the (984 edition of the Canadian

Concrete Code (CAN3-AZ23.3-MB4). These four frames are used as structural
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models having very short, short. moderate, and long fundamental periods.

To gain insfght into the inelastic behaviour of the desianed
frames, the inelastic static responses of the frames to monotonically
increased lateral loading are examined first. Following this inelastic
static analysis, the inelastic dynamic responses of the frames to the
three A/V aroups of earthaquake accelerograms are analyzed statistically.
In addition, the elastic dynamic responses of the frames to the three A/V
groups of earthguake records are obtained to provide a reference for the
evaluation of the inelastic dynamic responses. In the course of the
dynamic analyses, overall energy indices are defined for multistorey
building frames, and their npumerical computation is implemented in a
computer program,

A simplified analysis procedure 1is proposed to estimate both
overall and localized inelastic deformations for regular building frames.
This simplified analysis procedure is evaluated based on a comparison of
the inelastic deformational demands estimated from the procedure with the
statistical results obtained from the inelastic dynamic analysis of the

frames.
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CHAPTER 1

INTRODUCTION

1.1 Backaround and Motivation

Because of economic considerations, conventional building
structures are usually designed to undergo finelastic defermations under
strong earthquake ground shaking. Hysteretic energy dissipation through
inelastic deformations enables seismic design forces to be significantly
reduced from those that would be required if the buildings were to remain
elastic. This is the basic premise in current seismic design practice for
building structures. However, these inelastic deformations must be kept
within permissible limits to prevent colilapse due to excessive lateral
displacements or substantial deterioration of enerqgy dissipation
capacities. Also, the potential costs of nonstructural and structural
damage should be weighed against the savings made possible by allowing
inelastic response.

During the past decade, many analytical models have been suggested
to simulate the inelastic behaviour of structural elements or
subassemblages, and sophisticated computer programs have been developed
to predict the nonlinear seismic response of building structures (52). As
a result, our ability to analyze the inelastic dynamic response of
building structures has increased dramatically. However, there has not
been a comparable progress in the development of reliable methods for the
seismic design of structures that are alliowed to tolerate limited amount

of inelastic deformations. The specification of seismic design forces



accounting for the expected intensity of earthquake ground shaking and
acceptable level of inelastic response remains a very difficult task.

In current practice, three methods may be employed to estimate
seismic desfgn forces and their distributions for building structures.
They are (a) the time history analysis method; (b) the modal analysis-
design spectrum method; and (c) the equivalent static code method. The
time history anaiysis method involves step-by-step numerical integration
of the equations of motion. Elastic dynamic analysis can be performed to
estimate the elastic strength demands for structural members in a
bullding structure. Actual design strengths for the structural members
can be obtained from the elastic strength demands using appropriate
strength reduction factors (40,41). Parametric studies based on inelastic
dynamic analysis can be used to directly estimate the design strengths
for structural members that are reaquired to limit their inelastic
deformations to the specified values. However, in order to encompass the
possible range of structure-related parameters and the varizlilities of
earthquake ground motions, a number of time history analyses are usually
required in this method. Because of the high cost of time history
analyses, especially inelastic dynamic analysis, this method may not be
practical for most building structures, particularly in the preliminary
desiagn stage.

The modal analysis-design spectrum method is attractive as a
practical desian tocl for its relative simplicity. Although strictly
applicable to linearly elastic structures, this method has often been
used in the design of inelastic structures. There are two different

approaches involved in the modal analysis—desian spectrum method for



inelastic structures. One approach is to replace the inetastic structure
by an equivalent |inear elastic structure. This replacement enables the
direct use of an elastic design response spectrum for estimating seismic
design forces., Gulikan and Sozen (28), Iwan and Gates (42,43) have
proposed procedures for estimating effective stiffness and viscous
damping for linearized single degree of freedom (SDOF) systems. An
extension to multi-degree of freedom (MDOF) systems, the "substitute-
structure" technique, has been suggested by Shibata and Sozen (80). In
their technique, the member stiffness of the linear elastic substitute
structure is reduced, and its modal damping is increased to account for
inelastic deformation in tne original structure. The seismic design
forces and their distributions are estimated from an elastic modal
analysis of the substitute structure coupled with an elastic design
spectrum. The other approach involves the use of an inelastic desian
spectrum in conjunction with an elastic modal analysis based on the
initial elastic properties of a building structure (3,4,60,62). This
modal anaiysis-inelastic design spectrum approach has been commonly used
in current practice. The inelastic design spectrum is wusually derived
from an elastic design spectrum using appropriate reducticn factors.
Simplified rules for obtaining inelastic design spectra from elastic
design spectra were first proposed by Newmark and Hall (60). In their
procedure, the reduction factors are expressed as a function of both the
specified displacement ductility and period. Over the years, many studies
(50,73,79) have been performed to investigate the effects of viscous
damping, ductility level, and hysteretic behaviour on inelastic response

spectra, and refined modification factors which can explicitly account



for these effects have been suggested.

The equivalent static code method has been widely used for the
sefsmic design of regular building structures in many seismic codes. This
method is closely related to the modal analysis~inelastic design spectrum
approach. In this method, the total Ilateral seismic design force for a
building structure 1is specified from a base shear formula. While the
actual form of the base shear formuia differs among seismic codes, it is
essentially based on an inelastic design spectrum with some
modifications. This inelastic design spectrum is usually obtained from an
elastic design spectrum using a force reduction factor. The force
reduction factor is intended to account for the eneray dissipation
capacities of different types of structural systems due to inelastic
deformation and damping, and its value is qualitatively related to the
expected overall seismic performance of the structural systems (72). In
many seismic codes, the force reduction factor is specified independently
of structural period. After the total design base shear is determined, it
is distributed along the height of a building according to a distribution
formuta. The distribution formula is essentialiy based on the fundamental
mode shape of the building with some modifications to approximately
account for higher mode effects. It has been well recognized that the
distributions of seismic design forces obtained from the equivalent
static formulation are ciose to those computed from the modal analysis-
inelastic design spectrum approach for regular buildings with relatively
uniform distributions of mass, stiffness, and strength in both plan and
elevation. For irregular buildings, the modal analysis-inelastic design

spectrum approach would provide more accurate distributions of seismic



desian forces throughout the buildings. However, Heidebrecht and Tso (32)
have indicated that the total design base shears determined from the
modal analysis~inelastic design spectrum approach bear little or no
relation to those obtained from the static code provisions, and the
assumptions made in the modal analysis-inelastic design spectrum
calculiations have at least as much, or more, uncertainties than those of
the static calculations. For this reason, the 1985 edition of the
National Building Code of Canada (NBCC 1985) (B) has suggested that the
total design base shear be computed solely based on the static approach,
and the modal analysis-inelastic design spectrum approach be used for
distribution purposes for irreguiar buildings.

After the seismic design forces and their distributions are
determined for a building, its structural components need to be
proportioned along with design gravity loads. W¥hile it 1is possible to
employ an optimum design procedure for this purpose (13,95), the
proportioning of structural members In many seismic codes is based on
elastic static analyses of the building under different combinations of
gravity and seismic loads, coupled with load factors. In order to achieve
a desirable hierarchy in the energy dissipation mechanism of a buildinag,
the weak beam-strong column concept can be incorporated into this
proportioning process. One typical example of this consideration is the
capacity design procedure developed by Paulay (69,70}.

It is apparent from the preceding review of current seismic design
practice that the modal analysis-design spectrum method and the closely
related equivalent static code method have been and wili continue to be

viabie techniques in earthquake-resistent design. In these methods, the



deslian  response spectrum represents the statistical summary of the
parthquake environment at a given building site, and it is the only
linkage that relates ground motion information to the specification of
selsmic design forces, {deailly, the design response spectrdﬁ should be
constructed based on an ensemble of seismic ground motions resulting from
sarthquakes with magnitudes and epicentral distances appropriate for the
site and having soil conditions simiiar to the site. However, in most
cases, Lhe necessary seismological and geological information required to
establish such an appropriate ensembie of earthquake ground motions is
not readlily available. Even if some of the information is availabie. the
efforts needed to obtain this appropriate ensemble of earthquake
accelerograms are usually excessive for most design projects. As a
resuit. in many seismic codes, the standard design spectral shape
suggested by Newmark and Hatl (60,62) has been employed to describe the
frequency characteristics of design garound shaking at a building site,
and peak around acceleration has been wused 3as a single measure of the
expecled severity of the design ground shaking for scaling purposes. The
wide use of peak ground acceleration as a measure of aqround motion
intensity may be due to the following reasons., First, it is a directivy
measureni aquantity  retated to inertia forces induced in building
structures. Second., it is a convenient around motion parameter to be used
to scaie accelerstion response spectra at zero period.

However. 45 more earthquake records were obtained, especially after
the 1971 San Fernando earthquake, it became apparent that the use of a
single desian spectral shape scaled by a peak site acceieraftion is

inadequate. it has been shown that some of the recorded earthauvake around



motions have response spectra dramatical ly different from the standard
design spectrum suggested by Newmark and Hall., Newmark et al, (58,59,61)
and Page et al. (66) observed that structures near an earthquake source
may experience large-ampl i tude, high-frequency, and short-duration
acceleration motions. Observations of structural damage in areas where
such ground motions were recorded have suggested that the levels of
damage are not as great as might be inferred from the recorded peak
ground accelerations (22,38). Based on several near-fault records
obtained from the 1971 San Fernando earthquake, Bertero et al. {12,14,15)
and Mahin et al. (53) indicated that earthquake ground motions near the
fault rupture may contain severe, jong-duration acceleration pulses. The
use of the standard design spectrum would underestimate peak ground
velocities for such garound motions, resuiting in undesirably high
displacement ductility demands for certain inelastic systems. Recently,
Hall et al. (29,30) noted the need to use another design spectrum for a
distant earthguake source on the basis that ground motions distant from
the source of seismic energy release would usually be of long-per iod
sustained type due to the filtering effect through ground media. This
review of previous studies clearly indicates that while the standard
design spectrum may be representative of strona seismic around motions at
moderate distances from the causative fault, additional desian spectra
need to be developed on the basis of recorded near-field and far-field
earthquake accelerograms to account for around motions close to or
distant from the energy source.

Seismological studies have indicated that peak ground arceleration

and velocity are usually caused by seismic waves of different



frequencies. Peak ground acceleration is associated with high frequency
waves whereas peak ground velocity is related to moderate or low
frequency waves. Because of the frequency~dependent attenuation of
seismic waves, peak ground acceleration attenuates more rapidly with
distance than peak ground velocity. As a result. one would expect that
ground motions experienced near an earthquake source have higher peak
ground acceleration-to-velocity (A/V) ratios than those at a large
distance from the source of seismic energy release. Ground motions in the
former case are usually of short-duration, high-frequency, and impulsive
type whereas those in the latter case are normally of longer-duration and
more periodic type. Therefore, even though it is a relatively simple
parameter, the A/V ratio provides information on the relative freguency
content and duration of strong shaking for ground motions resulting from
different seismic environments.

A study by Basham et al. (10) has shown that the relative levels
of peak ground acceleration and velocity vary considerably across Canada.
The A/V ratio varies from about 0.5 g/m/s to 2.5 g/m/s. This ratio is low
at sites that are influenced by large distant earthquakes (e.g. Prince
George): it 1is high at sites that are influenced by moderate nearby
earthquakes {e.gq. Montreal). In recognition of this, both acceieration
and velocity zoning maps have been developed to define expected ground
motions for different locations in Canada (10). Accordingly, NBCC 1985
utitizes both zonal peak ground acceleration and veiocity in the
specification of seismic design base shears (31,32). The base shear
formula in NBCC 1985 is directiy tied to 2zonal peak ground velocity.

However, three different leveis of seismic response factor are used in



the short period range (up to 0.5 sec) for three different combinations
of acceleration and velocity seismic zocnes in an attempt to accommodate
the effect of zonal peak ground acceleration on short period structures
(31,32). The three different zonal combinations correspond to low,
intermediate, and high A/V ratios.

The effect of ground motions with different A/V ratios on the
inelastic responses of SDOF systems was Investigated by Zhu et al
(98,99,100,101). The SDOF systems were designed in accordance with the
base shear provisions fin NBCC 1980 (7) and those in NBCC 1985
respectively. The NBCC 1980 base shear provisions were included to
represent the common practice of specifying seismic design forces based
on a single design spectral shape scaled by a peak site acceleration.
Three sets of real earthquake accelerograms, recorded from past events,
were selected to represent ground motions having low, intermediate, and
high A/V ratios. It was found that if the specification of design yield
strength is directly related to peak ground acceleration, the use of a
single design spectral shape leads to substantially different
displacement ductility demands for medium and long period systems when
subjected to ground motions with their A/V ratios in the three different
ranges. The consistency of the ductility demands for medium and long
period systems is remarkably improved when the specification of design
yield strength is directly tied to peak ground velocity. However, there
exist marked differences in the ductility demands for short period
systems. The use of three different levels of seismic response factor
over the short period range, as suggested in NBCC 1985, reduces these

differences significantly. Tso and Naumoski (87) studied both



acceleration and velocity based inelastic design spectra. [t was found
that iF 1inelastic deslign spectra are based on peak ground acceleration,
the mean plus one standard deviation ductility demands for moderate and
long perliod systems are much higher than the specified values even when
three different design spectral shapes are used for excitations having
low, intermediate, and high A/V ratios. This is particularly true for low
A/V excitations. The use of velocity based Ineiastic design spectra
together with a period-dependent strength reduction factor in the short
period range provides good control over ductility demands for systems
having different periods.

In view of the foregoing discussion, it s apparent that the
inadequacy in the specification of design ground shaking is the ma jor
source of the wunreliability associated with current seismic design
practice for building structures. This inadequacy is reflected in two
aspects. First, peak ground acceleration is not a reliable parameter to
represent the severity of design ground shaking at a building site.
second, the use of the Newmark-Hall design spectral shape alone is
insufficient to describe the frequency content of design ground motions
which may result from different seismic environments. The A/V ratio is a
retatively simple, yet seismologically meaningful, parameter to
distinguish the relative frequency characteristics of earthquake ground
motions associated with different seismic environments. Studies based on
SDOF systems have indicated that ground motion A/V ratio has a
significant effect on the inelastic responses of the systems, and the
specification of seismic design forces based on peak ground velocity

along with the A/V ratio, as recommended in NBCC 1985, results in



consistent inelastic responses when the systems are subjected to ground
motions having different A/V ratios. However, these observations and
concliusions obtained from the studies of SDOF systems may not be directly
generalized to real building structures, This is because the
oversimplification of SDOF systems cannot account for many of the factors
affecting the nonlinear seismic response of actual buildings., Also,
design of actual buildings requires information on both overall inelastic
deformations at storey levels and localized inelastic deformations in
structural members. In the present study, realistic multistorey
reinforced concrete building frames are considered, and they are designed
and detailed in accordance with the 1985 NBCC and the 1984 Canadian
Concrete Code (CAN3-AZ23.3-M84) (20)}. The primary purposes of this study
are to investigate the effect of ground motions having different A/V
ratios on the inelastic responses of multistorey reinforced concrete
building frames and to evaluate the seismic performance of reinforced
concrete building frames designed in compliance with current Canadian
seismic provisions.

In the preliminary design stage, it may be necessary to evaluate
the relative merits of different structural framing and/or proportioning
schemes and the relative effects of different earthquake ground motions.
Because of the various parameters involved, such an evaluation usually
requires a large number of inelastic dynamic analyses. The cost of these
analyses using sophisticated computer programs is usually prohibitive for
most design projects. Therefore, it is desirable to employ simplified
analysis procedures that are abie to provide reasonably accurate

estimates of both overall and local inelastic deformational demands at



relatively low cost. The suitability and accuracy of a simplified
analysis procedure general ly depend on both the dynamic properties of the
building structure concerned and the dynamic characteristics of the input
ground motion to which the structure is subjected. An additional purpose
of this study is to investigate the possibilities of using simplified
analysis procedures to estimate overall and local inelastic responses for
muttistorey building frames when they are subjected to ground motions

having different A/V ratios.

i.2 Objectives and Scope

The objectives of this study are:

{(a) to investigate the effect of earthquake ground motions having
different A/V ratios on the inelastic responses of multistorey reinforced
concrete frame structures;

(b) to evaluate the seismic performance of reinforced concrete frame
structures designed in conformance with the 1985 NBCC and the 1984
Canadian Concrete Code when subjected to ground motions with different
A/V ratios: and

{c) to study the possibilities of using simplified analysis procedures
to estimate both overall and local inelastic deformations for frame
structures when exposed to different types of earthquake ground motions.

To accomplish the objectives outlined above, five different phases
are involved in this study. These five phases are (a) selection and
analysis of an earthquake data set; (b) design of typical reinforced
concrete moment-resisting frames; (c) static analysis of the designed

reinforced concrete frames subjected to monotonicaily increased laterai
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loading; (d)} dynamic analysis of the reinforced concrete frames subjected
to earthquake excitations; and (e) development and evaluation of
simplified analysis procedures based on the dynamic analysis results.
These five different phases are treated in five separate chapters. The

organization of the present study is described in the following section.

1.3 Organization

This introductory chapter provides a brief review of the current
seismic design practice for building structures. The problems associated
with the specification of design ground motion were outiined in the 1ight
of recent research and observations of structural damage following recent
major earthquakes. The significance of the A/V ratio in establishing
design ground motion was identified from seismological considerations.
These presentations provided the background and enabled the formulation
of the objectives for the present study.

in Chapter 2, an earthquake data set selected for this study is
described., The ground motion data are analyzed to investigate the
significance of the A/V ratio as a parameter to indicate the dynamic
characteristics of earthquake ground motions resulting from different
seismic environments. The data set is subdivided into three groups
representative of ground motions having low, intermediate, and high A/V
ratios. These three groups of earthquake records are used as input ground
motions for the dynamic analysis in Chapter 6.

Chapter 3 contains a detailed description of the multistorey
reinforced concrete frames considered in this study. Two four storey

fFrames with different fundamental periods, one ten storey frame, and one
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eighteen storey frame are designed for combined gravity and seismic
effects in accordance with NBCC 1985, The structural members are
proportioned and detafled in compliance with CAN3-A23,3-M84. The elastic
dynamic properties of the frames are presented, and the frames are
checked for the serviceability requirements. These four frames are taken
to represent regular buildings having very short, short, moderate, and
long fundamental perf{ods.

Chapter 4 begins with a description of the static and dynamic
analysis procedures employed in this study. The basic assumptions made in
the static and dynamic analyses are outlined. The analytical models used
for beam and column elements are described. The consideration of the P-
delta effect in the analyses is discussed. I[in the dynamic analysis,
different energy Iindices are defined for inelastic MDOF systems, and
their numerical implementation in computer programs is presented. Also
included in this chapter is a definition of the various response
parameters used to characterize inelastic response for the present study.

In Chapter 5, the inelastic behaviour of the reinforced concrete
frames designed in Chapter 3, as subjected to monotonically increased
lateral loading, is studied. This study focuses on the sequence of
plastic hinge formation in structural members, the relationship between
base shear and roof deflection, and the distribution of various response
parameters over frame height. In addition, the significance of the P-
delta effect on the computed results is examined. This inelastic static
analysis provides background information for the evaluation of the
inetastic dynamic responses of the frames to earthquake ground

excitations to be described in Chapter 6.

14



in Chapter 6, the inelastic dynamlic responses of the desianed
frames to the three A/V groups of earthquake ground motions are analvzed
statistically. This statistical analysis is performed to investigate the
effect of ground motion A/V ratio on the inelastic response of reinforced
concrete frame structures and to evaluate the seismic performance of
reinforced concrete frame structures desianed in compliance with NBCC
1985 and CAN3-A23.3-M84. In addition, the effect of peak gqround velocity
level on the inelastic response of the desiagned frames is investigated.
The statistical results of the inelastic responses of the frames are
compared with those of the corresponding elastic responses for the three
A/V groups of earthguake records. Finaily, the distributions of overall
response parameters are compared for four different analyses, namely: {a)
eiastic statics (b) elastic dynamic; (c)} inelastic static: and ()
inelastic dynamic analyses.

Chapter 7 describes a simplified analysis procedure for estimating
both overail and locaiized inelastic deformations For reaular buliding
frames. The applicability of the simplified analysis procedure is
evaluated for frames having different number of storeys and for
earthauake ground motions having different A/V ratios. This evaluation is
based on a comparison of the inelastic deformational demands estimater
from the simptified analysis procedure with the statistical resuits
obtained from the inelastic dynamic analysis of the frames.

Finally, Chapter 68 opresents a sumnary and the significant
conclusions of this study. Also, the significant design implications of

this study are reviewed, and future research neecds are identified.



CHAPTER 2
INPUT GROUND MOTIC.IS

2.1 Introduction

This chapter contains a detafled description of the earthquake
records selected as input ground motions for this study. Also included in
this chapter is an anaiysis of the selected ground motion data. This
analysis is performed to investigate the significance of the A/V ratio as
a parameter to indicate the dynamic characteristics of earthquake ground
motions resulting from different seismic environments. First, the
correlation of the A/V ratio with the relationship between earthquake
magnitude (M} and epicentral distance (R) f{s examined. In the 1ight of
this examination, the usefulness of the A/V ratio to reflect information
on the relative frequency content and duration of strong shaking for
earthquake ground motions associated with different seismic environments

is investigated. Finally, the correlation of the A/V ratio with one of

the more refined ground motion parameters is studied.

2.2 Earthquake Data Set

To form an earthquake data set for the present study, a total of 45
horizontal components of strong motion records were selected from the
McMaster University Seismological Executive (MUSE) Database System which
contains several thousand actual accelerograms recorded from past
earthquakes around the world. All the chosen accelerograms were recorded

in "free-field" conditions or buiiding basements. Previous studies
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(77,78) have Iindiceted that local soil condition at a recording site has
a significant effect on the dynamic characteristics of seismic ground
motions. Tp minimize this effect, only those accelerograms recordec on
rock or stiff soll sites are selected in this study. Several sources are
used in determining the local site information for the chosen
accelerograms. While a large portion of the data is obtained from past
earthaquakes in the western part of the United States, data from other
parts of the world are also included to cover a broader range of
geological and seismological conditions. The data set is obtained from 23
different earthquake events with megnitude ranging from 5.25 to 8.1. A
1ist of the earthquake events included in this data set is presented in
Table 2.1. The epicentral distance for the 45 records varies from 4 to
379 km. Therefore, both "near-field" and "far-field" earthquake ground
motions are included in this data set.

All the selected records have been corrected. The adjustments
involve base line correction of long period errors (83) and instrument
corrections of high frequency errors (85). The peak acceleration of these
corrected records ranges from 0.040 to 1.101g, and the peak velocity
varies between 0.016 to 0.577 m/s.

The 45 records are subdivided into three groups in accordance with
their A/V ratios. with 15 records in each group. The records having
A/V ¢ 0.8 g/m/s are classified into low A/V range whereas those having
A/N > 1.2 g/m/s are categorized into high A/V range. The records with
0.8 a/m/s ¢ A/V ¢ 1.2 a/m/s are classifled into intermediate A/V range.
These three A/V ranges correspond to the three different combinations of

acceleration and velocity seismic Zones in NBCC i985. Pertinent
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information regarding the earthquake records in each of the three A/V
ranges is tabulated in Tables 2.2, 2.3, and 2.4, respectively. The
relative distributions of peak accelerations and velocities for the three
groups of ground motions are shown in Fig. 2.1. A statistical summary of
the A/V ratios for the three groups of records is included in Table 2.5.
Shown in Fig. 2.2 are the reistionships between earthquake
magnitude (M} and epicentral distance (R} for the three groups of
earthquake records used in this study. It can be seen that the
accelerograms having high A/V ratios were obtained in the vicinity of
small or moderate earthquakes whereas those having low or intermediate
A/V ratios were recorded at large distances from large or moderate
earthquakes. Therefore, the A/V ratio is well correlated with the M-R
relationship for this set of earthquake data, and this correlation is

consistent with seismclogical considerations as discussed in Chapter I.

2.3 Frequency Content

One of the most important characteristics of ground shaking as
regards its effect on structura! response fis its frequency content. The
frequency content of ground motion directly affects the elastic responses
of structures. For structures excited into the inelastic range, the
shaking intensity of ground motion both at and beyond the initial periods
of the structures has effects on the inelastic responses because of the
neffective period” elongation as damage progresses.

In order to indicate their frequency content, acceleration response
spectra for 5% damping are computed for the three groups of earthquake

records. Two normalization schemes are considered for the records. One is
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to scale them to the same peak acceleration and the other to the same
peak velocity. For each of the two normalization schemes, the mean values
of the spectral accelerations are calculated for the three groups of
records, and the coefficients of variation are obtained to indicate their
dispersion characteristics. In addition, the mean values and the
corresponding coefficients of variation are obtained for the whole
ensemble of 45 records, irrespective of their A/V ratios, to serve as a
reference.

Shown in Fig. 2.3 are the mean acceleration response spectra for
the three separate groups and the whole ensemble of earthquake records
normalfzed to a common peak acceleration of lg. The mean spectral
accelerations for the three groups of records are similar in the very
short period range (up to 0.2 sec). For periods beyond 0.2 sec, the
spectral accelerations for the high A/V group of records drop very
rapidly with period as compared to those for the low A/V group. The mean
spectral accelerations fFor the low A/V group of records can be more than
twice as large as those for the high A/V group for periods longer than
about 0.5 sec. Fig. 2.4 shows the coefficients of variation of the
spectral accelerations for the three separate groups and the whole
ensemble of earthquake records. It can be seen that the coefficients of
variation generally increase with increases in period. Even though the
number of earthquake records included in the statistical analysis for the
whole ensemble is three times that for the three separate groups, the
coefficients of variation for the whole ensemble are significantly higher
than those for the three separate groups for periods !onger than about

0.5 sec.
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Flg. 2.5 shows the mean & celeration response spectra for the three
separate groups and the whole ensemble of earthquake records scaled to a
common peak velocity of | m/s. The mean acceleration response spectrum
curves for the three groups of records agree fairly well for periods
longer than about 0.7 sec. However, the mean spectral accelerations for
the three groups of records are remarkably different in the short period
range., Over this short period range, the high A/V group of records has
the highest mean spectral accelerations whereas the low A/V group has the
Towest. Shown in Fig. 2.6 are the coefficients of variation of the
acceleration response spectra for the three separate groups and the whole
ensemble of records. The coefficient of variation for the whole ensemble
of records has a minimum at the period of about ! sec, and it increases
with decreasing or increasing period. However, the coefficients of
variation for the three separate groups of records are relatively uniform
over the period range considered.

The spectral analysis of the data set clearly indicates that there
are differences in the frequency content for earthquake records having
different A/V ratios, and these differences are statistically
significant, as indicated by the coefficient of variation. The scaling of
earthquake ground motions to a common peak acceleration will Jead to
different eneray contents over the moderate and long period ranges for
ground motions having different A/V ratios. On the other hand, different
energy contents will result over the short period range for ground
motions with different A/V ratios if they are scaled to a common peak
velocity. Therefore, it fis unlikely that the use of a single design

spectral shape can accommodate the difference in spectral shape
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associated with ground motions having vastly different A/V ratios,
irrespective of whether peak ground acceleration or velocity is used as a

measure of the intensity of ground shaking.

2.4 Strong-Motion Duration

In addition to f(ts amplitude and frequency characteristics, the
duration of strong shaking is also important in assessing the damage
potential of an earthquake ground motion. The duration of strong shaking
plays an important role in low-cycle fatigue-type damage to nonl inear
degrading structures caused by sustained reversals of Iinelastic
deformations. Also, the energy imparted to a structure and the hysteretic
energy dissipated by inelastic deformations depend strongiy on the
strong-motion duration of the input ground motion (97,100). In this
section, the significance of the A/V ratio as a simple parameter to
indicate the relative duration of strong shaking for earthquake ground
motions resulting from different seismic environments is presented.

several definitions of strong-motion duration have been proposed in
previous studies (18,54,84,89). The Vanmarcke-Lai and the McCann-Shah
definitions are employed for the present study. In the Vanmarcke-Lai
method (89), a real earthquake record is transformed into a segment of a
Fictitious stationary stochastic process. The duration of this segment of
stationary motion is defined as the strong-motion duration of the
original record. The transformation is made in such a way that the total
energy of the original record, as expressed by the Arias intensity (i.e.
the integral of the squared accelerations) (6), is preserved, and the

peak acceleration of the original record is expected to be exceeded once
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in the transformed motion. The cumulative root-mean-square function (CRF)
for acceleration is used in the McCann-Shah procedure (54). The CRF can
be Interpreted as the square root of the average rate of seismic energy
input as a function of time. The strong-motion duration is defined as the
time interval during which the rate of seismic energy arrival keeps on
increasing.

The duration of strong shaking is estimated for each of the 45
earthquake records based on the Vanmarcke-Lai and McCann-Shah definitions
as described above. The results are compared graphically in Fig. 2.7. It
can be noted that for a particular record, the durations calculated using
these two approaches can be quite different. However, for the whole
ensemble of records, the trends for the two definitions are consistent.
In general, the high A/V records have shorter durations of strong shaking
than the intermediate A/V records whereas the low A/V records have longer
durations. Therefore, the A/V ratio of earthquake records is well
correlated to the strong-motion duration of the records. A statistical
summary of the durations of strong shaking for the three groups of
records is presented in Table 2.5.

Previous studies (18,25,36,84,89) have indicated that in general,
the larger the magnitude of an earthquake, the longer the duration of
strong ground motion if the distance from the epicenter remains constant.
If the magnitude of the earthquake is kept constant, duration increases
with an increase in epicentral distance. Since the records with high A/V
ratios were generated in the proximity of small or moderate earthquakes
whereas those with low A/V ratios were obtained at large distances from

large or moderate earthquakes, as shown in Fig. 2.2, the correlation of
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the A/V ratjo with the duration of strong shaking is to be expected.

2.5 spectrum lIntensity

In addition to the peak ground motions (peak acceleration,
velocity, and displacement), many other parameters have been proposed to
measure the intensity of earthquake ground shaking (37,39,92). Some of
these parameters are directly based on the ground motion data and others
on the response quantities of linearly elastic oscillators. In this
section, the correiation of the A/V ratio with one of these more refined
parameters is investigated.

A parameter derived directly from the response of linearly elastic
oscillators is the spectrum intensity. Housner (35,37,39) defined the
spectrum intensity as the area under a pseudo-velocity spectrum curve
between the periods 0.1 and 2.5 sec, i.e.

2‘5
0.1

SI(E) = f SV(T.E) dT (2.1)

in which 5v is the pseudo spectral velocity and E the fraction of

critical damping. The spectrum intensity can be interpreted as an average
measure of the severity of ground shaking as regards its effect on the
elastic responses of structures in the sense that it is related to
elastic vibrational energy and covers a period range of enginerring
interest (39). The use of the spectrum intensity as a scaling factor for
response spectra has been investigated in a previous study (56}. In thia
study, £ is taken as 5% which is considered to be representative of the

damping values for most structures.
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Plotted in Fig. 2.8 are the spectrum intensities versus peak ground
accelerations for the three groups of original records. 1t can be seen
that if the spectrum intensities are plotted against peak accelerations,
three distinctive regions may be identified in which the data points for
the three groups of records are located. The boundaries separating these
three regions may be taken empirically as

SI =5 A (2.2a)
and
Sl = 2.5 A (2.2b)
in which S is expressed in meters and A in gravitational acceleration g.
For a specified level of peak ground acceleration., grounc motions having
low A/V ratios would have higher spectrum intensities than those having
high A/V ratios. To further illustrate this, the mean values of the
spectrum Intensity are computed for the three groups of records when
scaled to a common peak acceleration of lg. The results are shown in
Table 2.5. It can be seen that the mean spectrum intensity for the low
A/V group of records is over four times as high as that for the high A/V
group. As shown in Fig. 2.3, the scaling of earthquake records to a
common  peak acceleration results in significantly different energy
contents over moderate and long periods for records having different A/V
ratios. This difference in the energy content directly leads to the
difference in the spectrum intensity because the calculation of the
spectrum intensity is related to the energy between the periods 0.1 and
2.5 sec.
The spectrum Intensitles are plotted against peak ground velocities

in Fig. 2.9. In this case, the data points for the three sets of records
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iie approximately along a straight line, Iirrespective of their A/Y
ratios. For the data set used, the correlation between the spectrum
intensity and peak ground velocity may be given empirically by

Si = 3.3V (2.3)
where SI is expressed in meters and V in meters per second. In addition,
the mean values of the spectrum intensity are obtained for the three
groups of records when normalized to a common peak velccity of Im/s, and
the results are presented in Table 2.5. The remarkable improvement in the
consistency of the mean values among the three groups of records is
evident when comparison is made with the case in which all the records

are scaled to the same peak acceleration.

2.6 Summary

In this chapter, an earthquake data set selected as input ground
motions for this study fis described. The data set is analyzed to
investigate the significance of the A/V ratio as a parameter to indicate
the dynamic characteristics of earthquake ground motions resulting from
different seismic environments. In the light of this investigation, the
foilowing conclusions can be drawn:

(1) The A/V ratio of ground motions is a viable indicator of the
M-R relationship associated with the motions. Ground motions in the
vicinity of small or moderate earthquakes usually have high A/V ratios
whereas those distant from large earthquakes usually have low A/V ratios.

(2) As implied by its correlation with the M-R relationship. the
A/V ratio is a useful, yet simple, parameter to indicate the relative

frequency content and duration of strong shaking for ear thquake ground
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motions resuiting from different seismic environments. Ground motions
having high A/V ratios are usually of short duration with seismic eneray
in the high frequency range whereas those with low A/V ratios usually
have long duration with energy in the low frequency range.

(3) Peak ground wvelocity correlates well with the spectrum
intensity over earthquake records having drastically different AV
ratios, whereas the relationship between peak ground acceleration and the
spectrumn intensity strongly depends on the A/V ratio. Therefore, peak
ground velocity is a superior parameter to describe the intensity of
ground shaking at a site for building design, as compared to peak ground

acceleration.
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Table 2.1 List of Earthquake Events Considered in This Study

Earthquake Magnitude Date

Long Beach, Calif. le 6.3 Mar. 10, 1933
Lower California HL= 6.5 Dec. 30, 1934
Imperifal Valley., Calif. "L’ 6.6 May 18, 1940
Kern County, Calif. "L‘ 1.6 July 21, 1952
San Francisco, Calif. M : 5.25 Mar. 22, 1957
Parkfield, Calif. W: 5.6 June 27, 1966
Borrego Mtn., Calif. HL: 6.5 Apr. 8, 1968
Lytie Creek, Calif. M 5.4 Sept. 12, 1970
San Fernando, Calif. M 6.6 Feb. 9, 1971
Oroviile, Calif. H{: 5.7 Aug. 1, 1975
Helena, Montana M : 6.0 Oct. 31, 1935
Honshu, Japan Wma‘ 5.4 Apr. 5, 1966
Near E. Coast of Honshu, Japan wmA’ 7.9 May 16, 1968
Central Honshu, Japan ﬂmlg 5.5 Feb. 26, 197!
Near S. Coast of Honshu, Japan Wma‘ 7.0 Aug. 2, 1971
Near E. Coast of Honshu, Japan Wmn‘ 5.8 May 11, 1972
Near E. Coast of Honshu, Japan ﬂmA: 7.4 June 17, 1973
Near E. Coast of Honshu, Japan qu: 6.1 Nov. 16, 1974
Monte Negro, Yugoslavia HL; 5.4 Apr. 9, 1979
Monte Negro, Yugoslavia HL; 7.0 Apr. 15, 1979
Banja Luka, Yugoslavia HL: 6.1 Aug. 13, 1981
Nahanni, N.W.T., Canada Hs: 6.9 Dec. 23, 1985
Michoacan, Mexico M.: B.1 Sept. 19, 1985

Japan HMeterological Agency Scale

m} Local Magnitude
A .
Hs: Surface Wave Magnitude



Table 2.2 List of Low A/V Records {A/¥ ¢ 0.8 9/w/s}

Source Comp.  HMax. Nax. AV Seld
Carthquake Date Mag. Site Dist. Olr. Acc.{A) Vel.(V) Ratlo Cond,
(kn} (g) (nfs) l9/w/s}
Long Beach, 03/10/33 6.3 Subway Terminal, 59 NSIM 0.097 0.237 0.41 Rock
Calif, L.A.
Long Beach, 03710733 6.3 Subway Terminal, 59 N39E 0.064 0,173 0,37 Rock
Calif. L.A,
Lower Calif, 12/30/34 6.5 El Centro 58 S0oW 0.160  0.209 0.77 Stiff
Soll
Sen Fernando,  02/09/71 6.6 2500 Wilshire i0 N61W 0.101  0.193 0.52 Stiff
Calif, Blvd., L.A. Sol1
San Fernando,  02/09/71 6.6 3550 Wilshire 39 S0owW 0.i32  0.216 0.61 Stiff
Calif. Blvd., L.A. Soil
San Fernande,  02/09/71 6.6 222 Figueroa 5t., 41 SIN 0.129 0.186 0.69 Stiff
Calif. L.A. Soil
San Fernando,  02/09/11 6.6 3470 Wiishire 39 5900 0.114 0,186 0.61 Stiff
Calif. Bivd., L.A. Seil
San Fernande,  02/09/71 6.6 4680 Wilshire 38 NISE o.117  0.215 0.54 Stiff
Calif. fivd,, L.A. Soil
San Fernando,  02709/71 6.6 445 Figueroa St., 4l 538N 0.119  0.173 0.69 Rock
Lalif. L.A,
San Fernando,  02/09/71 6.6 Hollywood Storage 32 Soow p.106  0.170 0.62 Stiff
Calif. L.A, So0il
Mear E. Coast  05/16/68 7.9 Muroran Harbor 290 NOOE 0.226 0.3 0.68 Stiff
of Honshu,Japan Soil
Near E. Coast  06/17/73 7.4 Kushiro Central 12 NOOE 6,205  0.275 0.15 Stiff
of Honshu,Japan Wharf Soil
Nichoacan, 09719785 8.1 Zthuatenejo, 135 S00E 0.103 0,159 0.65 Rock
Hexico Guerrero Array
Hichoacan, 09719785 8.1 Teacalco, 113 NOOE 0.052  0.0M4 8.70 Rock
Hexico Guerrero Array
#lchoacan, 09/19/85 8.1 Mesa Yibradora k)] HION 6.040 0.110 0.36 Rock
Rexico C.U, Nexico City
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Table 2.3 List of Intermediate A/V Records (0.8 ¢ A/V ¢ 1.2 g/n/s)

Source Comp, Max. MNak. AN Soil
Earthquake Date Nag. Site Oist. Oir. Acc.(A) Vel.(V) Ratlo Cond,
(kw) {g) {n/s) (gfajs)

Imperial Valtey, 05/16/40 6.6 €I Centro 8 S00E 0,348 0,334 1.04  Stiff
Callf, Sofl
Kern County, 07721752 1.6 Taft Lincoln 5  S69E 0.119 0177 1.0l  SRock
Calif, School Tunnel
Kern Kounty, 07721752 1.6 Taft Lincoln 56  N2I1E 0.156 0.157  0.99  Rock
Callf. School Tunnel
Borrego Htn., 04/08/68 4.5 SCE Power Plant, 122  NSTW 0,046 6.042 1.10  Stiff
Calff. San Onofre Sell
Borrego Ntn., 04/08/68 6.5 SCE Power Plant, 122  MWIIE 0.04] 0.037 1.1l Stiff
Calif. San Qnofre S0l
San Fernando, 02/03/711 6.6 3838 Lankershim 24 5908 0.])50 0.149  1.01  flock
Calif. Blvd., L.A.
San Fernando, 02/09/11 6.6 Hollywood Storage 35  N90E 0.211 0.211 1.00  Stiff
Calif. P.E. tot, L.A. Sof1
San Fernando, 02709771 6.6 3407 6th St., 39  N90E 0,185 0.166  0.99  Stiff
Calif. L.A. Sof1
San Fernando, 02/03/11 6.6 Griffith Park 31 S00W 0.180 0.205 0.88  Rock
Calif, Observatory, L.A.
San Fernando, 02/09/71 6.6 234 Figueroa S5t., 41  MW3JE 0.199 0.167 .13  Stiff
Calif, L.A. Soil
Near €. Coast 11/16/74 6.1 Kashima Harbor 33 NOOE 0.070 0.072  0.97  Stiff
of Honshu,Japan Yorks Sofl
Near 5. Coast 087027711 1.0 HKushiro Central 196 N9OE 0.078 0.068 1.15  Stiff
of Honshu,Japan ¥harf Soil
Honte Wegro, 04/15/19 1.0 Albatros Hotel, IT  WNOOE 0.171 0.194 0.86  Rock
Yugoslavia Ulcinj
Nichoacan, 09/19/85 8.1 El Suchil, 230 SGOE  0.1085 0.116  0.91  Rock
Nexico Guerrero Array
M choacan, 09719785 8.1 La Villita, 4  NE 0.123 0.105 1.17  Rock
liexico Guerrero Array
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Table 2.4 List of High A/Y Records (A/V¥ ) 1.2 g/n/s)

Source Comp.  Nax, Nax. ANV Sofl
Earthquake  Date Nag. Site Oist. Dir. Acc.(A) Vel.(V) Ratio Cond.
(km) {9) {(afs} (9/w/s)

Parkfield, 06/27/66 5.6 Teablor No. 2 T NeSM 0.269 0.145 |.86 Rock
Callf,
ParkField, 06/21/66 5.6 Cholame Shandon 5  NBSE 0.434 0.255 L. Rock
Calif. No. §
San Francisco, 03/22/57 5.25 Golden Gate Park, 11  S80F 0.10% 0.046 2,28 Rock
Calif. S.F.
San Francisco, 03/22/57 5.2% State Bldg., S.F. 17  SOSE 0.085 0.051 1.67 StifFf
Callf, Soll
Helena, 10731735 6.0 Carroll College 8  NOOE 0.146 0.0712 2.03% Rock
Nontana
Lytle Creek,  09/12/10 5.4 Wrightwood 15  S25M 0.198 0.0%  2.06 Rock
Calif,
Oroville, 66/01/75 5.7 Seism. Station, 13 NS3W 0.084 0.044 1.91 Rock
Calif. Oroville
San Fernando, 02/09/71 6.6 Pacoima Dam 4 514 1.075 0.577  1.B6 Rock
Calif.
San Fernando, 02/09/71 6.6 Lake Hughes, 2% S 0.146 0.085 1.7 Rock
Calif. Station 4
Nahanni, 12/23/85 6.9 Site I, Iverson 7.5 LONG 1.101 0.462 2.38 fock
N.N.T., Canada
Central Honshu, 02/26/11 5.5 Yoneyama Bridge 27  TRAN 0.151 0.059 2.56 Stiff
Japan Sofl
Near €, Coast 05/11/72 5.8 Kushiro Central 33 NQOE 0.146 0.060 2.43 StiFf
of Honshu,Jdapan Wharf 50il
Honshu, 04/05/66 5.4 Hoshina-A 4  NOOE 0.270 0.111  2.43 Stiff
Japan Soil
Monte Negro,  04/09/79 5.4  Albatros Hotel, 12,5 NOOE g.042 t.016  2.6] Rock
Yugoslavia Ulcinj
Banja Luka, 08/13/81 6.1 Seism. Station, 8.5 NYOW 0.074 0.032 2.3l Rock

Yugoslavia

Banja Luka

0



Table 2.5 Statistical Sumsary of Ground Notlion Parameters

A/V Ratio Strong-Rotlion Duration Spectral Intensity

{g/n/s) {sec) {n)
NcCann-Shah Nethod Vanmarcke-lLai Nethod Scaled to lg  Scaled to Im/s
Low AJY 0.60° 12,58 12.49 5.781 3.0
Records (0.2133* {0,452) {0.353) {0.292) {0.214)
Intermediate (.03 1.41 8.50 3.560 1.639
A/Y Records {0.034) {0.290) {0.282) {0.119) (0.196)
High AV .12 ]| 1.13 1,401 2.083
Records {0.14%) {0.558) (0.471) {0.292) (0.216)
* Nean

+ Coefficlent of Variation
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Fig. 2.1 Peak Acceleration vs. Peak Velocity for Three Groups of Records
Having Low, Intermediate. and High A/V Ratios
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CHAPTER 3
STRUCTURAL MODELS
3.1 Introduction

The most commonly wused structural framing system for reinforced
concrete buildings is ductile moment-resisting frame. Previous integrated
experimental and analytical studies (34,63,65) have indicated that for
regular reinforced concrete moment-resisting frames, their inelastic
dynamic responses under strong earthquake excitation can be reascnably
well predicted by current analytical models. Therefore, only reguiar
reinforced concrete frame structures are used as structural models in
this study.

Yo cover a wide range of structural period, four reinforced
concrete frames with different fundamental periods are considered. Three
basic frames with four, ten, and eighteen storeys are designed based on
typical material properties. These three basic frames are designated as
452, 105, and 185, respectively, and they are used as structural models
having short, moderate, and long fundamental periods. A special four-
storey frame f{s created from the basic four-storey frame (452) by
increasing the stiffness of its members. This special frame is denoted as
451 and represents a structural model having a very short fundamental
period. Typical design gravity loads are assumed for the four frames. The
seismic design forces for the four frames are determined in accordance
with the seismic loading provisions in NBCC 1985. The structural members
are proportioned and detailed to satisfy the requirements of CAN3-A23.3-

MB4.
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This chapter provides a detailed description of the desion
procedure used to design the frames. The final designs are expressed in
terms of relnforcement ratios for beams and columns. The elastic dynamic
properties of the designed frames are presented. Also, the designed
frames are checked for the serviceability requirements under service

level wind loading.

3.2 Structural Configuration and Member Size

In terms of configuration, three basic frame structures with four,
ten, and eighteen storeys are considered in this study. The three frame
structures have the same floor plan, as shown In Fig. 3.1. There are
three equal bays in the East-West direction and seven equal bays in the
North-South direction. The bay widths are 8000 mm in both directions. The
effect of selsmic action is considered in the E-W direction, and typical
interior frames of the three frame structures in the E~W direction are
designed and analyzed in this study. The elevations of the three interior
frames are shown in Fig. 3.2. The frames have equal storey heights of
3500 mm throughout.

The sizes of beams and columns for the three frames are alsc shown
in Fig. 3.2. It should be noted that the determination of member size is
an iterative process. The member sizes shown in Fig. 3.2 are the final
values after preliminary design calculations. To achieve an optimum
design, the sizes of beams and columns are varied along the height of
each frame. However, the variation occurs every two or three storeys, and
the change between two adjacent storeys is relatively small. This is done

to ensure a smooth transition in member stiffness throughout the height
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of each frame. The slabs in the buildings are two way slabs and assumed
to have a thickness of 150 mm. This vaiue of slab thickness will be used

in the calculation of the dead load and effective beam stiffness.

3.3 Material Properties

For the purpose of design, nominal values are taken for the
properties of concrete and reinforcing steel bars. The assumed properties

are summarized in Table 3.1.

3.4 Desiagn Loading

The frames are designed for the critical combinations of gravity
and seismic loading based on the limit state approach suggested in N8SCC
1985. In this section, the specification of gravity and seismic loads and

their combinations is described.

3.4.1 Gravity Loading

The design gravity loading consists of dead load and live load. The
design dead loads for each frame are estimated based on the weight of {(a)
structural components (slabs, beams, and columns); (b} partition walls;
and (c) mechanical equipment. The design live loads are taken as those
suggested by NBCC 1985 for ordinary office buildings. A summary of the
design gravity loads used in this study is presented in Table 3.2.

The distributions of the gravity loading on the frames are obtained
using the tributary area method. Fig. 3.3 shows the tributary areas and
the resulting gravity loads on the beams at a typical floor level and the

roof. Note that the live loads have been reduced as allowed by NBCC 1985,
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Also, the distributed loads which are triangular or trapezoidal in shape
are siuplified as uniformly distributed loads. This simplification has

only minor effect on the fixed end moments of beams and columns.

3.4.2 Storey Mass and Selsmic Loading

The reactive mass at each storey level is estimated from the design
dead load acting on that storey. Snow load 1{s not included f(n the
reactive mass for the roof. The estimated masses for a typical floor and
the roof are given in Tabie 3.3. These estimated masses are lumped at the
storey levels and used in the determination of lateral seismic design
forces and the calculation of eigenvalue solutions as described below.

The total lateral seismic design force V for each frame is

calculated from the following base shear formula:

V=vSKIFW {3.1)

in which

v = zonal velocity ratio;

S = seismic response factor;

K = structural behaviour coefficient:

| = importance factor;

F = foundation factor;

W = weight of the reactive masses in the frame.

The zonal velocity ratio v is defined as the ratio of zonal peak ground

velocity to a velocity of | m/s and specified with an exceedance
probability of 10 % in 50 : This probabitity level is appropriate to
the seismic design forces , + s:d by the base shear formula (31). The

structural behaviour K is intended to account for the energy dissipation
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capacities of different types of structural systems due to Inelastic
deformation and damping. The period dependence of the seismic response
factor S |s described graphically in Fig. 3.4, It can be noted that the
design base shear is directly proportional to zonal peak ground velocity
for structural periods beyond 0.5 sec. For periods shorter than 0.5 sec,
three different levels of seismic response factor are used for three
different combinations of acceleration and velocity seismic zones to
accommodate the effect of zonal peak ground acceieration on short period
structures. The three zonal combinations signify low, intermediate, and
high A/V ratios and are symbolically referred to as Za<zv' Z,=Z,+ and

Z,5Z,, respectively.

Two different types of frames should be distinguished in terms of
the relative significance between seismic and gravity loading (70). For
earthquake load dominated frames, their design is controlled by seismic
joading. Because of the predominant bending moments induced by earthquake
excitation, plastic hinges in the beams are normally formed close to
their ends. The design of gravity load dominated frames is controlled by
gravity loading. Plastic hinges in the beams of these frames may form
within their spans. In this study, only earthquake load dominated frames
are considered. Therefore, the frames are assumed to be located in
regions with high seismicity, namely Zv = 6. Accordingly, v is taken as
0.4 in Eg. (3.1). The use of earthguake load dominated frames is
consistent with the dynamic analysis procedure to be wused ir. this study
in which plasticity in structural members is assumed to be concentrated

at their two ends.
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For ordinary office buildings, the importance factor 1 fs taken as
}.0. The frames are assumed to be situated on rock or stiff soil sites,
which are consistent with the local sofl conditions for the selected
earthquake accelerograms to be used as input ground motions for the
Frames. Accordingly, the foundation factor F is assigned a value of 1.0.
in order to determine the seismic response factor S, the
fundamental period T must be known. NBCC 1985 gives the following formuia
to estimate the fundamental period for regular moment-resisting frames:
T=0.IN (3.2)
in which N is the total number of storeys. This formula only depends on
the number of storeys. The fundamental periods of the three basic frames
(452, 10S, 18S) are estimated from Eq. (3.2) in the calculation of their
seismic response factors. The computed design base shears for these three
frames are summarized in Table 3.4. It should be noted that the design
base shear for the 452 frame is different for the three different zonal
combinations. The use of three different seismic design forces will
result in three frames with different amounts of reinforcement steel for
beams and columns. These three frames bhave the same fnitial elastic
properties but different inelastic characteristics. The three frames will
be denoted as 4S2L, 4521, and 452H, where L., I, and H refer to low,
intermediate, and high A/V ratio corresponding to Za<zv‘ 2,2+ and Z,Z,
in Fig. 3.4.
The elastic dynamic properties of the three frames are determined
from their eigenvalue solutions. The storey masses shown in Table 3.3 are
used for the eigenvalue solutions. The slab effect is accounted for in

the calculation of beam stiffness. The effective flange width for the

46



beams is  found fo he Z000 mn based on CAN3I-AZ3,2-MA4 (Clause B.10.2). To
gecount, for cracking, the fFlexural rigidity of the beams is assumed to be
0.5 of their aross section value. The fiexural rigidity of the columns is
not reduced because they are expected to remain uncracked in the service
load range (68). Tne periods of the first three vibration modes are
computed for the three frames. and thev are afven in Tahle 3.5 and shown
on Fia, 3.4, It can be seen that the computed fFundamental periods of the
three frames are about 10% to 20% higher than the values estimated from
Eg.(3.2). Had the fundamental periods obtained from Uthe eiqgenvalue
solutions been used to estimate the seismic response tactors, the seismic
desian forces for the three frames wouid have been siighily lower than
those used in this study.

To evaluate the suitability of wusing three different lovels of
seismic response factor over the short period range, as suagested in NBCC
i985, a speciai frame with a fundamental period shorter than 0.2% sec s
created from the 452 frame. This special frame (451) is identical to the
45?2 frame in structural configuration and membher sizes with the oxcent ion
that the moduius of elasticity is increased to qive i fundamentisl period
of 0.23 sec, The first three vibrational periods for the 4% trame gre
shown in Table 3.5, This modification places the frame in tie three
constant reaions of The seismic response factor for  roee tnres differen
zonal combinations, as snown in Fig.3.4. The compotead desian baue shears
for the tnree zonai combinations are ailso aiven  in Tanie 3.4, The the s
frames corresponding  to the three zonal combinations witl e refersed 1o

as 45iL. 4d51i. and 451H. respectiveiy,

47



The computed design base shear for each of the eight frames (4SIL,
4511, 451H, 452L, 4521, 452H, 105, 185) [s distributed through the height

of the frame based on the foilowing distribution formula suggested by

NBCC 1985:

(V"‘Ft )“lhx
Fx = (3.3a)

n
£ Wnh
i= i

in which

w,.'dx = that portion of W assigned to level i or x, respectively;

h[.hx = the height above the base to level i or x, respectively;

n = total number of storeys;
Fx = lateral force at level x;
Ft = that portion of V concentrated at the top of the frame

in addition to Fn defined by Eq.(3.3a).

Fi is given by

= 0.004 V (hn/Ds) € 0.15 V
Fy (3.3b)
= 0.0 if h /D & 3
‘ n’"s
in which
hn = the total height of the frame above the base;
D = the dimension of the frame in the direction

parallel to the lateral seismic loading.

It can be seen from Eqs. (3.3) that if hn/Ds > 3, a portion of the design
base shear is concentrated at the top of the frame in an attempt to
accommodate higher mode effects on the force distribution. For the frames
considered in this study, only the eighteen-storey frame has a value of

he/Ds higher than 3. Accordingly, an Fy is applied at the top of the

eighteen-storey frame. The distributions of the lateral seismic design
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forces for the eight frames are shown in Table 3.6.

3.4.3 Load Combinations

In conformance with NBCC 1985, three critical load combinations are
considered in the design of the efght Fframes. These three 1oad
combinations are given as fol lows:

1.25 D+ 1.5 L
1.25 D + 1.5 Q (3.4)
1.25 D + 0.7 ( 1.5L + 1.5Q)

where
D = dead load;
L = live load due to use and occupancy;
Q = seismic load.

The magnitudes and distributions of O, L, and Q are shown in Fig. 3.3 and
Tabie 3.6. Loading patterns for live loads are not considered. but live

load reduction, as allowed in NBCC 1985, is incorporated In the design

process.

3.5 Effects of (eometric Nonlinearity

The effects of geometric nonlinearity should be considered in the
design of moment-resisting frames. The geometric effects can be
decomposed into two types (49). One is lateral drift effect (also called
pP-delta effect) and the other is member slenderness effect. CAN3-AZ3.3-
M84 has separate provisions to account for these two types of geometric

effects in design (Clauses 10.11.6 and 10.11.7).
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The P-delta effect Iincreases design moments for both beams and
columns. CAN3-AZ23.3-M84 allows the use of a second-order analysis to
evaluate the P-delta effect. Several fterative solution techniques are
available for this purpose (49,74). However, these iterative methods are
not appropriate for dynamic analysis (93). In the dynamic analysis of
this study, a linearized sotution (93) will be employed to account for
the P-delta effect. To be consistent with the dynamic analysis, the same
procedure fs used herein for the design of the frames. In this procedure,
a geometric stiffness matrix is evaluated from the column axfal force due
to gravity loading, and the solution to the P-delta effect is obtained
directly without iteration. A detailed description of this procedure will
be given in Chapter 4. The member slenderness effect is considered only

for compression members and wiil be described in column design.

3.6 Member Design

In this study, only flexural reinforcement is designed for the
structural members in the eight frames. The design of transverse
reinforcement is not considered. The factored beam design moments are
obtained from elastic static analyses of the frames under the three
different load combinations described previously. The same beam and
column stiffnesses as those for the eigenvalue solutions are used in the
elastic static analyses. Rigid end zones are considered for the beams and
columns, and the beam design moments are obtained at column faces. The
factored column design moments are determined based on the weak beam-
strong column criterion. The column design moments are related to the

beam moment capacities by considering the equilibrium of each beam-column
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joint, coupled with a column overstrength factor. The obtained column
design moments are further amplified to account for slenderness effect.
The detafled considerations for the design of beams and columns are given

as follows.

3.6.1 Beam Desian

The factored beam moments obtained from the three ioad combinations
as described above are used as design moments for the beams. At each
storey level, the computed moments at the two ends of the two exterior
bay beams are very close to those at the two ends of the interior bay
beam. Therefore, the maximum moment at each storey level is used in the
design of all three beams. The use of the same design moment at either
side of interior columns avoids termination and anchorage of beam bars at
interior beam-coiumn Jjoints in which a congestion of reinforcement may
create construction difficuities.

CAN3-A23.3-MB4 allows moment redistribution for continuous beams

{(Clause 8.4). The magnitude of moment redistribution is controlled by

¢ 30 - 50 c/d
MRF whichever is smaller (3.5)
¢ 20%
where
MRF = moment redistribution factor;
c = distance from extreme compression fiber to neutral axis;
d = distance from extreme compression fiber to centroid

of tension reinforcement.
While it is acceptable to redistribute the seismic load moments in the
case of weak beam-strong column design, only the dead and live load

moments are redistributed in this study. For simplicity, the dead and
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live load moments at the two beam ends are reduced by 20%. This
redistribution has minor effect on the final design moments for the beams
because the beam design In this study is controlled by seismic toading.
This Is particularly true for the beams at iower storey levels.

A iower bound is imposed in determining the positive design moments
at the beam ends. This lower bound is recommended by CAN3-A23.3-MB4 and
given as follows:

M 3 0.5 (Ml (3.6)
where ";. H; = positive or negative beam design moment at a support
section. This lower bound intends not only to recognize the cyclic nature
of seismic response but also to include the beneficial effect of
compressive reinforcement on the inelastic deformation capacity of the
beam under large negative moment.

In the determination of the flexural reinforcement for the beams,
the contribution of reinforcing bars in the slab to the negative moment
capacity is neglected. The flexural reinforcement for the beams is
determined from the following equation:

2 *sfy
My = bd"P{$F) (1 - 0.5% ) (3.7

$cfe

in which

M, = design beam moment

b = section width:

f, = vield strength of reinforcing steei;

F; = compressive strength of concrete:

¢ - resistance factor for reinforcing steel (0.85);
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¢ .

¢ = resistance factor for concrete {0.60);
¢ = percentage of flexural reinforcement (A,/bd);
As = area of fiexural reinforcement.

The computed reinforcement ratio is bounded by the following lower and

upper 1imits prescribed by CAN3-A23.3-MB4:

1.4
lower bound o 3 —_— [(3.8a)
f
y
c 600
<
d 600 + f
upper bound Y whichever is smaller (3.8b)

p 4 0.025
The first upper limit is recommended for the design of flexural members.
The upper !imit of 0.025 is suggested for ductile moment-resisting frames

in the specia! provisions for seismic design.

3.6.2 Column Desian

As shown in Fig. 3.5, the relationships between the column design
moments and the beam moment capacities are derived from the equilibrium
of each beam-column joint, coupled with a column overstrength factor. For
an exterior joint, only one load condition controls the column design. In
the case of an interior joint, two possible load conditions should he
considered. The expressions relating the column design moments toc the
beam moment capacities for a typical exterior or interior joint are given

as follows. In these expressions, all variables are assumed to be in

absolute values.
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{a)

54

(b)

Exterfior columns:
T B hb | B -
Mt nc+--;-rvc+vc)=[nbl+
he "51+"Bz Y

{ L + bl ) ] n (3.98)
2 lb
Interior columns:
Load condition |:
T B _.hb T 48 +
HL‘ + HC + ; (VC + C) = [ ( th + Hb3 } o+
h TN MM h

bl™*'h2 b3*"'b3 (¥

= e P e = (V- V) Tn (3.90)
2 ‘b Ih 2

Load condition 2:

h
T 8 b T B, _ t -
Hc + Hc * (Vc + Vc) =0 Hb2 t My )t

Z
Pe HLI*"&Z "B]*"EJ c G
( + Y — (M v )1 n (3.9)
i ]
2 Ib Ib 2
where
HZ. HE = design moment for top or bottom column;
Vl. Vg = shear force for top or bottom column;
H*. H' v H' = positive beam moment capacity at section 1, 2, and 3,
bi b2* b3 .
respectively (¢5=1.0: ¢c=l.0):
H&. H;E‘ HBJ = negative beam moment capacity at section I, 2, and 3,
respectively (¢.21.0; ¢.=1.0);
Ve 6 G . .
bl VbZ' Vp; = beam shear due to gravity loading
at section I, 2, and 3, respectively;
LY = cross section depth of beam or column;
lg. 13 = clear beam length in left or middie span:

n

= column overstrength factor.



For the intermediate storeys, column inflection points are assumed to be
at mid-height. Therefore, the column shears can he expressed in terms of

the column end moments as follows:

2 M
Vi = : (3.10a)
¢ = |T . a
[
2 Hg
vg . et (3.10b)
13

¢

where II. IE = clear height of top or bottom column. Some adjustments are
made for the upper and lower storeys based on Muto’s procedure (55). The
column overstrength factor n is taken as 1.2 in this study. This value
is slightly higher than the value of |.| suggested by CAN3-AZ23.3-MB4.

The relationship between Ml and HE is based on the relative

stiffness distribution between the top and bottom coliumns and given by

HI=BME (3.11)
where
:
A
"
<
i
El
Kl o~ ————
¢ 1,2
(b
B
KB v ———y
c B2
(8

where EIE. E[E = flexural rigidity of top or bottom column,

The column design -oments obtained from the combination of £q<.
(3.9), (3.10), and (3.11) are further amplified to account for
sienderness effect. This is in conformance with Clause 10.11.6 of CAN3-

A23.3~-MB4. The amplification factor is given by
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db = ¥ 1.0 (3.12)

where

2
(klu)
Pf = factored axial load:

C - a factor reiating actual moment diagram to
an equivalent uniform moment diagram (1.0);

¢, = member resistance factor (0.65):
E) = 0.25 Egi;
E - modulus of elasticity of concrete;

I - moment of inertia of gross concrete section
about centroidal axis;

1 = unsupported length of column;
k = effective length factor.
The effective length factor k depends on the rotation restraint of
a beam-column joint. A measure of this restraint is given by
ECEL/1 )

v o= {3.13)
L Elb/jtl )

The summation is carried out for all beams or columns at the joint. The
offective length factor k is determined based on the following
retationships suggested by Furlong (26).

20 - ¥
—— S+ Vs € 2
20 ave ave

k = {3.14)

0.9/ 1 + Vave Vaye > 2

where ¥. . is the average value of the two ¥ values obtained at the



two ends of a column,

The amplification facto ; are computed for the eight frames based
on the procedure described above, and they are shown in Table 3.7.

The maximum and minimum design axial forces for the columns are
determined from the elastic static analyses of the frames under the three
load combinations. The columns are designed based on the most critical
combination of design bending moment and axial force. The column design
charts suggested by Canadian Portland Cement Association (19} are used to
determine the reinforcement ratio on the basis of the critica!l
combination,

The r ted column reinforcement ratios are bounded by the

foliowing lower and upper limits:

0.0! ¢ p ¢ 0.06 (3.15)
where
Aﬁ
+] = H
A
9

Aﬂ = area of longitudinal steel bars in a column:

Ag = gross area of column cross section.

The wupper bound of 0.06 is controlled by the special provisions for
seismic design,

At each joint, the coiumn section immediately above or below the
joint is designed for its own critical combination of design hending
moment and axial force, and the larger amount of reinforcement obtainer
is used for both columns. The use of the same reinforcement above and
below a joint avoids the termination and anchorage of column longitudinal

steel bars within the joint. All column steel bar splices orgur near
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mid-column helfght where bending moment is relatively small.

3.7 Final_Design Results

The ETABS program (94) is used to carry out elastic static analysis
of each frame in the design. The design procedure for structural members
descrined in the previous section has been programmed as separate
subroutines, and these subroutines are combined with the ETABS program.
Therefore, the whole design procedure can be formulated automaticaliy.
The final design results for the eight frames are presented in terms of
Flexural reinforcement ratios for beams and columns, and they are

summar ized in Fig. 3.6.

3.8 Check for Serviceability Requirement

General ly speaking, two Vimit states should be considered in the
design of building structures. One is the uitimate limit state which
concerns the safety of the buildings against collapse, and the other is
the serviceability limit state which restricts the intended use and
occupancy of the buildings. The design of the frames considered in this
study is based on the ultimate limit state, as described above. In this
section, the serviceability of the designed frames is checked for service
jevel wind loading, The calculation and distribution of the wind loading
are based on Clause 4.1.8.1 in NBCC 1985. The reference velocity pressure
iw assumed to be 0.6 kPa in the calculation of the wind loading. This
level of reference velocity pressure corresponds to severe wind loading.

The frames remain elastic under the service level wind loading. The

interstorey drifts due to the wind loading are shown in Fig. 3.7. 1t can
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be seen that the drift indices are well within the acceptable 1imit of
0.2% suggested by NBCC 1985 (Clause 4.1.1.5(5)). The drifts increase with
an increase in the number of storeys. The interstorey drifts for the 451
frame are smaller than those for the 452 frame because of its higher

member stiffness.



Table 3.1 Assumed Material Properties

60

Concrete:
Compressive Strength: F; = 30 MPa
Modulus of Elasticity: E. = 27000 MPa
Unit Welght: W, = 23.5 kN/n’
Reinforcing Steel:
Yield Strength: FV = 350 MPa
Modulus of Elasticity: E_ = 200000 MPa




Table 3.2 Design Gravity Loads (kN/m)
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Dead Load Live Load
Weight of Slabs 3.5
Wefght of Beams
and Columns 2.5
Floor tartition Loading 0.5
Mechanical! Service Loading 0.5
Total 7.0 2.4
Weight of Slabs 3.5
Weight of Beams
and Columns 2.0
Roof Root Insulation 0.5
Mechanical Service Loading 0.5
Totai 6.5 1.0

Table 3.3 Estimated Storey Masses (x103 kg)

Floor

Roof

137

127




Table 3.4 Desfgn Base Shears (kN)

451 452 108 185
2z, 4SIL: 461.7 4s2L: 461.7 821.8 1106.4
Z,-2, 45113 650.2 4521: 539.7 821.8 1106.4
2>z, 451H: 916.8 452H: 643.7 821.8 1106.4

Table 3.5 Vibrational Periods of First Three Modes (sec)

451 4582 105 185
First Mode 0.23 0.47 1.20 2.0!
Second Mode 0.07 0.15 06.43 0.73
Third Mode 0.04 0.08 0.24 0.43




63

Table 3.6 Distributfons of Seismic Design Forces (kN)

Storey 451 452 105 185
Level
4S1L 45t 4StH 452 4sS21 452H
(25¢2,) (Z,=2,) (ZZ) (Z,4Z,) (Z,=2,) (ZZ,)
18 108.8
17 110.8
16 104,3
15 97.8
14 91.3
13 84.8
12 78.3
(8] 71.7
10 140.4  65.2
9 136.3 58.7
8 121.1  52.2
7 106.0 45.6
6 90.9 39.1
5 75.7  32.6
4 176.3 248.3  350.2 176.3  206.1 245.9 60.6 26.1
3 142.7 200.9 283.3 142.7 166.8 198.9 45.4  19.6
2 95.1 134.0 188.9 95.1 111.2 132.6 30.3  13.0

1 47.6 67.0 94.4 47.6 55.6 66.3 15.1 6.5




Table 3.7{a) Amplification Factors due to Slenderness Effect
for 45| Frames

Storey Level Exterior Column Interior Column

4SIL (2,¢z,)

4 1.004 1.005
3 ‘ 1.013 1.014
2 1.014 1.015
] 1.016 1.017

4511 (Z,27,)

4 1.005 1.005
3 1.013 1.014
2 1.015 1.015
! 1.017 1.017

451H (Za>zv)

4 1.005 1.005
3 1.014 1.014
2 1.016 1.015

l 1.018 1.017




Table 3.7(b) Amplification Factors due to Sienderness Effect
for 452 Frames

Storey Level Exterfor Column Interior Column

4s2L (Z,¢z,)

4 1.018 1.020
3 1.054 1.060
2 1.060 1.062
1 1.069 1.071

4s21 (2,27,

4 1.019 1.020
3 1.054 1.060
2 1.061 1.062
1 1.071 1.071

4S2H ( Za )2' )

4 1.019 1.020
3 1.055 i.060
2 1.063 1.062

l 1.073 1.071




Tahle 3.7(c) Amplification Factors due to Slenderness Effect
for 105 Frame

Storey Level Exterfor Cotumn Interfor Column
10 1.030 1.031
9 1.090 1.098
8 1.104 1.104
7 1.153 1.167
6 1.139 1.132
5 1.192 1.175
4 1.231 1.225
3 1.198 1.177
2 1.242 1.210

1 1.197 1.174




Table 3.7(d) Amplification Factors due to Slenderness Effect
for 185 Frame

Storey Level Exterior Column Interior Column
18 1.031 1.030
17 1.096 1.089
16 1.156 1.157
15 1.153 1.143
14 1.225 1.204
13 1.272 1.271
12 1.223 1.193
1 1.294 1.243
0 1.342 1.301
9 1.279 1.225
8 1.350 1.271
7 1.373 1.322
6 1.287 1.221
5 1.347 1.256
4 1.373 1.297
3 1.298 1.222
2 1.335 1.244

l 1.257 1.19%
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Unit: millimeters

100X650
500X500 §00X600
P 400X650
o -
S 500X500 60OX600
™ 400%700
w 550550 650X650
- 400%700
550X550 650X650
3 @ 8000
{a) Four Storey Frame
350X650
—
1 500%500 §00X600
350650
500X500 §00X600
350%700
550%X550 650X650
350X700
550%550 650X650
400X750
=
2 §00X500 700%700
- 400X750
»
600X600 700%700
S 400X750
600X600 700%700
400%800
650%650 750%750
400X8G0
§50X650 750%750
400%800
650%X650 750%750
3 @ 8000

{b) Ten Storey Frame

Fig. 3.2 Frame Elevations

69



Unit: millimeters

I50%X650
500X500 §00X600
350%650
500X500 §00X600
350%650
500%500 600%X600
350%700
550X550 650X650
350%700
550X550 650%650
350X700
550X550 650%650
400%750
500XE600 700X700
400%750
600X600 700%700
400X750
=
] 600X600 700X%700
« 400%800
[ 1
o 650650 750%750
— 400X800
650X650 750X750
$00X800
§50X650 750%750
§50X850
700%700 800X%800
450%850
700%X700 B00X800
450X850
700%X700 B00X800
450%900
750%X750 850X850
450%900
750%X750 B50X850
§50X900
750X750 850X850
B 3 @ 8000

{c) Eighteen Storey Frame

Fig. 3.2 (cont’d) Frame Evaluations
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{a) Tributary Areas

L.L. (ku)lxz.oo ‘22.54 ‘22.54 ‘22.54 +22.54 ‘22.54 *12.00

D.L. (kN)"Ia ‘155 *156 *155 *156 *151: *73

W, = 2.0 kN/m
wp = 13 kN/m

Roof

L.L. tkmtzs.ao &54.09 #54.09 +54.09 ‘54,09 *54.09 ‘28.80

D.L. (kN)LSfl Pss *168 *168 ‘168 4{168 *34

Wy 4.8 kN/m
! 1 {¥ = 14 kN/m

Floor

{b) Gravity Load Distributions

Fig. 3.3 Distributfons of Gravity Loads
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Fig. 3.6 Reinforcement Ratios for the Designed Frames

(a) 451 Frames

l.154
3.5 2.623 0.541
1.989 1,364 1.555
1.9838 1.364 0.708
2265 1.231 1.462
l.872 1.048 0.671
1.772 1.028 1.510
1.772 1.028 0.630
1.048 12000
451L
la234
3.762 2830 0.575
2.220 1.573 1,738
2.220 1,573 0.781
2828 14755 1.77%
24337 1,495 0.796
2.233 1.481 1a844
24233 la481 0.822
1.835 1.527
451
1,394
{.208 3.239 Da.642
2631 1,914 24060
2631 1,914 0.303
3.668 2a562 2.325
3.033 22183 0.996
2.914 2s171 2a432
2.914 2171 1.031
2,302 24378
4S1H
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~ 1,154
3591 2675 0541
24080 1.398 1.556
2.080 1.398 0,709
2.428 14379 1,464
2006 1.175 6.671
1,902 1.154 1.513
1.902 1.154 0,691
12173 1.000
4521
1,187
3.691 24763 0.555
24192 1.486 1,631
24132 1,486 0.739
24648 14580 1.576
2.188 1.346 0.717
2085 1,331 1.634
2.085 1.331 0.740
1.521 1,096
4521
1.232
3.820 2.879 0.574
2,342 1,603 1.733
2.342 1.603 0.778
3,003 1.911 1.768
2.482 1.629 0.793
21373 1a614 1,837
2.373 1,614 0.819
1.978 1,695
452H

(b} 452 Frames

Fig. 3.6 {(cont‘d) Reinforcement Ratios for the Designed Frames
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1.217
3.313 2.418 0.568
2.026 1.311 1,720
2.026 1.911 0.774
2.474 Laddd 1.672
22045 1.230 0.755
1.854 1.059 1.902
1.854 1.059 0.844
2300 1.212 1.627
1.932 1.045 0.737
1.666 1,000 1.746
1.666 1.000 0.784
1,861 1.207 1.836
1.861 1.207 0.819
2.020 14148 1.700
1.721 1.000 0.766
1.326 1.066 1.688
1.326 1.066 0.762
1,530 1,292 1.538
1.530 1.292 0.702
1,638 2.586
105

{c) 105 Frame

Fig. 3.6 (cont’d) Reinforcement Ratios for the Designed Frames



77

1,213
32304 2.410 0.566
2.097 1,416 1.798
2.097 1.416 0.804
24357 L1.445 1.923
24357 L1.445 G.852
2.882 1.691 1.889
2,382 1ad4L 0.839
2.170 1.228 2.127
2.170 l.228 0,926
2.532 1.832 2.336
22532 1.832 0.999
2.951 2.051 1,928
24480 1.769 04854
2a145 2,006 24035
2.145 2.008 0.894
2769 3.021 2130
2.769 3.021 f.928
2.659 24925 1,398
24265 2.548 0.880
20282 2,660 2.043
2.282 2.660 0.896
2.897 3.476 2.052
2.897 3.476 0.300
24602 3,139 1.670
24243 22759 0.755
2.168 2.753 1,653
2.168 2.753 0,748
24667 34375 1.629
24667 34375 0.738
2.167 2.938 1,480
1.887 2.603 0.700
1.739 2.476 1.420
1.739 2.476 0.653
1.938 2.668 1.251
1.938 2668 0.582
3.014 4,381

185

(d} 185 Frame

Fig. 3.6 (cont’d) Reinforcement Ratios for the Designed Frames
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CHAPTER 4
STATIC AND DYNAMIC ANALYSIS PROCEDURES AND DEFINITION

OF RESPONSE PARAMETERS

4.1 Introduction

In this chapter, the inelastic static and dynamic analysis
procedures empioyed in this study are described. Also fncluded fn this
chapter is a definition of the response parameters used to characterize
inelastic response for the present study. The chapter begins with a
description of the basic assumptions made for the inelastic static and
dynamic analyses. Following this description, the available anaiytical
modelling techniques for bullding structures are briefly reviewed, and
the analytical models used for this study are described. The
consideration of P-delta effect in the static and dynamic analyses is
outlined. in the dynamic analysis, a definition of energy indices for
inelastic MOOF systems is proposed, and their numerical implementation in
computer programs is presented. The chapter closes with a definition of
the various response parameters used to characterize inelastic response

for this study.

4.2 Basic Assumptions

In order to simplify the analytical modelling of a building
structure, some idealizations are considered to be necessary. Summarized
in the following are the basic assumptions made in this study for the

inelastic static and dynamic analyses.
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(1) Only one horizontal component of ground motion is applied at
the base of the frames in the E-W direction, and all supports are assumed
to move in phase. Accordingly, only planar response of the frames in the
E-W direction is considered, and each node possesses three independent
displacement degrees of freedom (two translations and one rotation).

(2} Axial stiffness and strength in the plane of a diaphragm are
assumed to be infinitely large. Therefore, the nodes at each storey level
are constrained to have the same lateral displacement.

(3) The flexural coupling of the frames in the E-W direction
through the transverse slab-beam system is neglected. Therefore, the
deformation of a typical interior frame 1is representative of the
behaviour of the complete building under seismic excitation.

(4) The frames are assumed to be perfectly fixed at their base.

(5) The mass of each frame is lumped at its storey levels. The
storey mass possesses lateral inertia only. The vertical inertia forces
and rotational inertia moments are neglected.

(6) The deflections of the frames are assumed to be small as
compared to their dimensions, and the static or dynamic equilibrium fis

based on the initial configurations of the frames.

4.3 Analytical Models

In current practice, three different approaches corresponding to
different levels of sophistication may be used in modelling the inelastic
dynamic response of building structures. They are {a) macroscopic
approach based on simplified overall nonlinear behaviour of structural

subassemblages; (b) discrete member idealization based on inelastic
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characteristics of individual structural members; and (c) microscopic
approach based on finite element discretization of structural members,
Fig. 4.1 shows a schematic Illustration of the three approaches. A
typical example of the macroscopic approach is to idealize an actual
building as an inelastic shear building (2,21). The interstorey
hysteretic behaviour of the shear building model represents the gross
interstorey shear-deflection characteristics of the actual building.
However, because of the problems involved in determining the required
interstorey shear-deflection relationship, it {s usually difficult to
realistically model actual buildings as shear structures. Also, the
inelastic shear beam representation of actual buildings only provides
information on overall inelastic response at storey levels.

In the discrete member representation of a building structure, the
distribution of Inelastic deformation and the force-deformation
relationship are assumed for each structura! member (23,27). This
modelling technique enables one to obtain information regarding both
overall inelastic deformations at storey levels and local inelastic
deformations in structural members with reascnable computational effort.
Previous integrated experimental and analytica! studies (34,63,65) have
indicated that this discrete member idealization is capable of
realistically simulating the nonlinear seismic response of moment-
resisting frame structures.

in the microscopic modelling techniqua, a structural member is
subdivided longitudinaily into 8 number of segments and transversely into
a number of layers or fibers (45). As a result, detailed information can

be obtained regarding the local behaviour in the critical regions of a
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structural member. However, because of the large amounts of computational
efforts required, this technique is usually used for the analysis of
fndividual structural members. The use of this technique for the analysis
of an entire building is too costly and time consuming.

In this study, the discrete member idealization is used. Beams and
columns are treated as fundamental elements, and the distribution of
inelastic deformations and the hysteretic behaviour are assumed for each
element. Also, the beam-column Joints are assumed to be completely rigid,
and finite rigid end zones are considered for the beams and columns. This
assumption is the same as that wused for the eigenvalue soluttion and

elastic static analysis in Chapter 3.

4,3.1 Element Modelling

There are three analytical models which may be used to simulate the
inelastic behaviour of a structural member in the discrete member
ideal!ization. They are (a) single component model; (b) dual component
model; and {c) inelastic 2zone mode!. In the single component model
(27,65}, a structural member is represented by an elastic line element
with ineiastic springs attached at its two ends (Fig. 4.2a). Therefore,
inetastic deformation in the member is assumed to be iumped at its two
ends. Because of the use of two independent inelastic springs, the
inelastic rotation at one end is independent of that at the other end. In
order to determine the moment-rotation behaviour of the two inelastic
springs, some assumptions have to be made regarding the deformed shape of
the member. ([t is wusualiy assumec that the member deforms in double

curvature with its inflection point in the middle. However, this
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assumption may not be appropriate for beams in gravity load dominated
frames and for lower storey columns in earthquake Iload dominated frames.
The main advantage of the single component model is its versatility to
incorporate different hysteretic models for the moment-rotation
relationship of the inelastic springs.

In the dual component model (23.27), a structural member is
represented by an elastic component and an elasto-ptastic component in
parallel (Fig. 4.2b). Inelastic deformation {is associated with the
elasto-plastic component and assumed to be concentrated at the two ends
of the member. The elastic component 1Is included to account for the
strain-hardening effect. One advantage of the dual component model is
that the inelastic rotation at one end of the member depends on the end
rotations at both ends, and no assumption needs to be made regarding the
deformed shape of the member. However, the dual component model can only
reproduce bilinear hysteretic behaviour.

in the inelastic zone model (48), the expansion of the inelastic
zones at the two ends of a structural member is considered (Fig. 4.2c).
The reduced flexural rigidity is assumed to be uniform within the
jnelastic 2zone at each end and depends on the moment-curvature
relationship of the end section. Different hysteretic medels may be used
to describe the moment-curvature relationship. In order to determine the
length of the two end inelastic zones, the distribution of bending moment
along the member has to be assumed. It is usually assumed that the
bending moment varies linearly along the member. However, this assumption

may not be appropriate for beams in gravity load dominated frames.
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The level of axial force in a column has a significant effect on
its inelastic behaviour. In general, the variation of the axial force in
a column affects both its Fflexural yield strength and stiffness. The
effect of column axial force on its flexural yleld strength can be
described by a yield moment-axial force interaction diagram, as shown iﬁ
Fig. 4.3. The interaction diagram can be divided into two regions
corresponding to two different types of failure mode. If the axial force
in @ column is below the balanced axial force PB' the column will fail in
tension. In A tension failure, the tensile steel reaches its yield
strength before the concrete in compression attains its ultimate strain.
If the column axial force exceeds PB' a compression failure will occur,
In a compression failure, the concrete in compression crushes before the
yielding of the tensile steel. To achieve high ductility level, it is
desirable for a column to fail in tension. However, unlike a beam, a
tension failure for a column cannot be achieved by limiting the steei
area. It can only be achieved by increasing either the column size or the
concrete strength. For a tall building subjected to severe earthquake
excitation, the axial forces in lower storey columns are very high.
Because of the practical limitation on the column size and the concrete
strength, it may be unavoidable for the column axial forces to exceed
their balanced axial forces. 1In order to attain certain amount of
ductility for these columns, it 1is essential to provide sufficient
transverse confinement by means of transverse reinforcement.

Previous studies have suggested procedures to account for the
effect of varying axial forces in the three analytical models described

above. In order to accommodate the effect of varying axial force on the
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flexural vield strength and post-yield stiffness, Saatcioglu et al. (75)
modified the moment-rotation hysteretic models of the inelastic springs
in the single component model. Kannan and Powel! (46) employed a yieid
moment-axial force interaction curve for the elasto-plastic component in
the dual component model. Because the interaction curve is associated
with the elasto-plastic component only, it remains stationary during the
dynamic response. In this procedure, the effect of varying axial force on
member stiffness is not considered. Keshavarzian and Schnobrich (48)
modified the moment-curvature hysteretic model to account for the effect
of axial force in the inelastic zone model. In their procedure, a moment
increment is expressed as a sum of two terms. One is related to & change
in curvature, and the other is asscciated with a change in axial force.
The changing rate of bending moment with respect to axial force is based
on the slope of the yield moment-axial force interaction curve. In this
procedure, the variation of axjal force has effects on flexural yield
strength, initial elastic stiffness, and post-yield stiffness.

In addition teo the bilinear model, many other hysteretic models
have been proposed in the previous studies to simulate the inelastic
cyclic behaviour of reinforced concrete structural members. A recent
review of these hysteretic models was given by Otani (64). Some of these
models are used to simulate the stiffness degradation phenomenon (24,82),
whereas others intend to account for the pinching and strength decay
effects due to significant shear deformation, bond deterioration, and
anchorage slippage {8l). Most of these models involve some empirical
parameters which need to be determined based on experimental results. The

effect of stiffness degradation on the analytical inelastic response has
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been investigated in the previous studies for SDOF systems (24), shear
beam models (21), and simple moment-resisting frames (41). 1t Is found
that stiffness degradation has minor effects on the displacement
ductility demands for intermediate and long period systems. For short
perfod systems, stiffness deterioration tends to increase the ductility
demands.

In the analysis of a bulldlng'structure, the choice of a particular
hysteretic model for the structura] members depends on the actual design
and detailing of the members. (f the members are well desfgned and
detailed, the effects of stiffness and strength deterioration may not be
significant, and the bilinear mode! may be used to simulate approximateiy
the hysteretic behaviour of the members. In this study, it is assumed
that sufficient transverse reinforcement has been provided for the
structurai members, and the stiffness and strength deterioration due to
shear and bond loss is not significant. Accordingly, the dual component
model is used to describe the inelastic behaviour of the structura)l
members. The use of the dual component model aiso reduces computational
cost because of its relative simplicivy, particularly in the
incorporation of axial force-flexural yield strength 1qteraction for the
columns. This s desirabie because a large number oF‘inelastic dynamic
anatyses are involved in this study, as will be described in Chapter 6.

The initfal elastic stiffnesses for the beams and columns are the
same as those used for the eigenvalue sotution and elastic statin
analysis in Chapter 3. The vield moments for the beams and the vield
moment-axial force interaction curves for the columns are determined from

their reinforcement ratios. The vield moment-axial force interaction
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curve for a column used in the static and dynamic analyses is ideal ized
from the actual curve, as shbwn in Fig.4.3. The strain-hardening
stiffness of the structural members is assumed to be 3% of their initial
elastic stiffness. Axlal deformation fs not considered for the beams due
to the assumption of rigid diaphragms f{n their own planes. For the
columns, axial deformation is considered and assumed to remain in the
elastic range. Shear deformation is not considered for both beams and

columns.

4.3.2 P-Delta Effect

Axial force in a column produces secondary moments due to the
relative displacement between its two ends. These second-order moments
tend to (increase inelastic deformations. Many techniques have been
proposed for evaluating this second-order effect (49,74). In this study,
a linearized solution (93) has been used. As shown in Fig. 4.4, the axial
force in a column can be decomposed into two components. One is parallel
to the line joining the two ends of the deformed column, and the other is
horizontal. If the column deflection A is small as compared to its
length L, the horizontal component is equal to PA/L. Consequently, the
total shear acting at each end of the column is the sum of the original
shear V and the shear (PA/L) resulting from the moment induced by P
acting through the deflection A. Therefore, the shear terms in the
element stiffness matrix are modified by the following geometric

stiffness matrix:

K.} = —— (4.1)
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This linearized solution has been used for both the static and dynamic
analyses, The axial force P in Ea.(4.1) is based on the unfactored
gravity loading and is assumed to remain constant during the application
of wonotonically increased lateral loading or the dynamic response. A
more complete analysis would be to allow the axial force to change., but

this requires that the structural stiffness matrix be modified at each

load or time step.

4.4 Static Analysis

The computer program DRAIN-2D deveioped by Kaanan and Powell (46)
has been used in this study. The oriaginal version of the program can only
perform dynamic analysis of an arbitrary planar structure subjected to
earthauake ground motion. In this study, the program has been modified to
be able to perform inelastic static analysis of a planar structure
subjected to monotonicailly increased tateral iloading. The use of the same
program for both the static and dynamic analvses is desirable because of
the consistency in their assumptions.

In the static analysis, gravity loading is applied as nodal forces
prior to lateral loading. The lateral Ilcading is distributed at storey
levels based on the distribution formula in NBCC 1985. as described in

Chapter 3. The ioad distribution shape remains unchanged during the

loading process. The magnitude of the lateral loadina is increaser
monotonically in smail increments. The load increment is  chosen to he
smaii enouah o avoid any siagnificant computation errors  due to

overshooting in the hysteretic Jooms of the structural elements, The

structural stiffness matrix is assumed To be conctant during eacn small
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load fncrement. The incremental nodal displacements corresponding to the
degrees of freedom are calculated at the end of each load step. Based on
the incremental nodal displacements, the incremental member deformations
and forces can be obtained. If a plastic hinge has been formed in a
member, the member stiffness s modified in accordance with the
hysteresis rules, and the structural stiffness matrix is updated for the
next load step. This analysis is continued until the maximum global
displacement exceeds some specified value, or the number of iterations as
specified by the user has been exceeded. The program assumes that all

structural members have unlimited strength and deformation capacity.

4.5 Dynamic Analysis

In the dynamic analysis, gravity loading is applied as nodal forces
prior to earthquake ground motion. The DRAIN-2D program is used to
perform the dynamic analysis. The program carries out step-by-step
numerical integration of the equation of motion. In this section, the
evaluati .- of the mass matrix, the damping matrix, and the instantaneous
stiffness matrix is described. The numerical integration scheme employed
to solve the equation of motion is briefly outlined. Also included in
this section 1s a definition of various energy indices based on the

equation of motion.

4.5.1 Mass Matrix
In an actual structure, the mass at each storey level is
distributed along structural members. In this study, only lateral inertia

terms are considered, and rotational and vertical inertia are ignored,
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Also, all the nodes at each storey level are constrained to have the same
lateral displacement due to the assumption that a diaphragm is totally
rigid in its own plane. Therefore, the mass at each storey level Is
lumped at the nodes. The mass matrix is a diagonal matrix with zero off-

diagonal terms and given by

[(M] . (4.2)

where mI v mZU 2y mﬂ

number of storeys.

lumped masses at storey levels, and n = total

4.5.2 Damping Matrix

Viscous type damping is adopted in this study. While damping in a
structure is not necessarily of viscous form, this assumption has been
widely used in previous analytical studies because of its mathematical
simplicity. This simplification may be justified on the grounds that the
actual damping phenomenon in a building structure is not fully understood
with present knowledge.

The damping matrix for the viscous damping is assumed to be of
Rayleigh type, and it is expressed as a linear combination of the mass

matrix and the instantaneous stiffness matrix as follows:

[CY = ¢ [M] + c; [Ki) (4.3)
where [Ki] is the tangential stiffness matrix, and c| and c, are the

proportional constants. €, and c; are determined from the modal damping

ratios of the first two modes based on the following expressions:
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C, = {4.43)
! 2 _ Tl
=T
T\Ty ( Ti&p = Toy )
c, = (4.4b)
v 1T

in which
Tl. T; = undamped period of the first or second mode;
ﬂo & = damping ratioc of the first or second mode.

In this study, both & and £ are taken as 5%. This value is

considered to be appropriate for reinforced concrete frame structures
with cracked beams under service level loading (60). The vaiues of ¢, and

G, computed for the frames considered in this study are shown in Table

4.1.

4.5.3 Stiffness Matrix

The global structural stiffness matrix is obtained by assembling
individual element stiffness matrices. The structural stiffness matrix
for the current time step is evaluated at the end of the previous time
step and assumed to remain constant during the small time increment. If
the stiffness of one or more members has changed at the end of the
current time step., the structural stiffness matrix is updated based on

this change in element stiffness for the next time step.

4.5.4 Numerical Integration

The Newmark-beta method {57) with beta equal to 1/4 is used in the
DRAIN-2D program for the numerical integration of the equation of motion.

In this method, the acceleration is assumed to be constant within a small
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time increment. As a result, the velocity varies linearly with respect to
time, and the displacement varies guadratically. This constant average
acceleration method is known to be unconditionally stable for linear
probiems (11). However, it may become conditionally stable for nonl inear
problems (1). A time increment of 0.005 sec fs used in this study for all
the frames. This time increment is about 1/5 of the highest mode period
for the 451 and 185 frames, 1/7 of the highest mode period for the 10S
frame, and 1/10 of the highest mode perfod for the 452 frames. A
sensitivity study wusing a reduced time fincrement of 0.002 sec is
performed, and the results are very similar to those using a time
increment of 0.005 sec.

In the numerical integration, the stiffness matrix at the beginning
of a time step Is used, and it is assumed to remain constant during the
time step. However, one or more structural members may actually have
yielded during the time step. The actual change of member stiffness
results in unbalanced forces, and consequently, the dynamic equilibrium
at the end of the time step is not exactly satisfied. This phenomenon is
usually referred to as novershooting”. If these errors are not corrected,
the computed response may diverge from the true response. In the DRAIN-2D
program, a veorrective forces™ procedure is used to approximately correct
the equilibrium errors. In this procedure, corrective forces which are
equal to the unbalanced forces in magnitude but opposite in direction are
added to the locad vector during the subsequent time step. These
corrective forces are present only for the duration of the time step in
which they are applied. This procedure is satisfactory if the time step

is relatively small.
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During the Iinelastic seismic response of a building structure. one
part of the Imparted energv is stored temporariiy in the building
structure in the form of kinetic and strain energy., and the rest is
dissipated bv inelastic deformation and damping. By the end of the
response, all the imparted energy will have been dissipated through
inelastic deformation and damping. Jennings {44) and Zahrah and Hall (97)
defined the wvarious energy terms for inelastic SDOF systems. In this
study, their definitions are extended to inelastic MDOF systems. In this
section. the wvarious energy indices are defined for inelastic MDOF
systems, and their numerical implementation in +the DRAIN-20 proaram is
described.

The equation of motion for a MDOF system is given by

FMI{UCE)Y + [CI{O(t)) + {R(u(t))) = - [H]{rlt%(t) (4.5)
where [M] = the mass matrix: ({C] = the damping matrix; {R(uf(t)}} = the
restoring force vector: {U(t)}. (d4(£)), fu(t)} = the relative
acceleration, velocity, or displacement vector, respectiveiy; 1%(t) = the
horizontal component of ground acceleration; and {r} = a vector relating
the horizontal component of ground acceleration to the lateral degrees of
freedom. The elements of {r} corresponding to the lateral deagrees of
freedom are unity, and the remaining elements are zero. Pre-multiplving
Fq.(d4.5) by the transpose of the incremental relative dispiacement vector
(du(t) ¥’ leads to

(duC MUY + idute)ITICI{G(E)) + fdu(t T (RIulENY =
- fduft)}ril‘l]frlf.fq(t} (4.58)

tEa.(4.6) can be written in terms of time increment dt using the
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relationship {du{t)} = (G(t)idt.

(N TIMIBEY) db + (S(ENTICI{OE)) dt + (AT (RIulE))) dt

u

- ST ) at (4.7)
Integration of Eq.(4.7) with respect to time yields

st gacenTrrce de + g FACENTICIIat) ) dt +

& (G IRIuEN) dt = = (BENTINTrT ey at (4.8a)

Fq.(4.83) defines the various eneryy terms as follows:

Ex + Ep + Ey *+ Eg = Ej {4.8b)
in which
EI = - ;B {G(t)}T[H]{V}u;(t) dt = the input energy {4.9a3)
Ey - b (eenTMIEice)) ot = the kinetic energy (4.9b)
Ey - f (aE)TICIG(t)) dt = the damping energy (4.9¢c)
E, + Eg = ) (O(E)}T(R(u(t))} dt = the sum of the hysteretic

energy and the strain enerqy {(4.9d)
Eq.(4.8b) indicates that the energy imparted to a structure s enus! to
the sum of the energy dissipated by damping and ineiastic defarmation and
the energy stored temporarily in the form of kinetic and strain eneray.
The energy indices defined by Fgs.(4.9) can be computed numerically in
accordance with the numerical integration scheme used to soive the
equation of motion. In this study, the Newmark  constant averaqe
acceieration method is used. Accordingly, the incremental values of the
enerqy indices between times t and t+at can be computed based on the

foilowing expressinns:

o, - [ GO 1) + aGyE) /218t +
(8GN (P U c) /2 + Agte)/3)at ) (4.10a)
oF, - (@) IHIa0) + 172 (a8 IHI(a0) (4.10b)
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8E, = [ (G} ICHAD)) + (G(E))TICI(al) +
173 (a0} rCIca) 1 at (4.10c)
BEy + 8E, = [ (G IRUIEN) + 172 {0 {R(U(E))) ] At +

[ GenTIKICO(E)) + (G(6)IK, (a0} +

174 (851K, a0y 7 al/2 (4.100)
fhe values of the energy terms at time t+At are obtalned by adding the
incremental energy quantities calculated from Eas.(4.10) to the vaiues at

the beqginning of the time step t.

E|(t+at) = Ej(t) + AE, (4.11a)
Ey(t+at) = Eglt) + Ay (4.11b)
Ep(t+at) = Eglt) + aE (4.11¢)
Egrt+at) + Eg(t+at) = Eg(t) + Eq(t) + 8Ey + AEg (4.11d)

For the purpose of comparison among different structures, the eneray
indices may be normalized with respect to the total mass. The values of

the enerqy indices per unit mass are given by

[ ]

Ei = E|/M (4. 12a)
[ ]

EK = EK/Ht (4.12b)
[
[ ] [ ]

EH + ES = (EH + ES)/Ht (4.t2d)

n
in which Mt = L m = the total mass.

i=]
It is possibie to catcuilate the hysteretic enerqy of the structure

EH ov summing up the hysteretic work from individual structurai members
durina the dynamic response. At fthe end of the response. the strain
2naray ES disappears. and Eu. (4.9d) represents the hysteretic enerav

dissipated by inelastic deformation during the total duration of the



response.

The numerical computations of the various energy terms as described
bv Egs. (4.10) and (4.11) have been incorporated into the DRAIN-2D
program. The calculation of these energy terms may be used (a) to
evaluate the damage potential of different earthquake ground motions in
terms of the total energy imparted to a structure and the hysteretic
energy dissipated by inelastic deformations; (b) to evaluate the
suitability of using a simplified structural model (e.g. inelastic shear
beam model or eguivalent inelastic SDOF system) to replace the actual
building structure in terms of their similarity in energy absorption and
dissipation: and (c) to check the accuracy of the numerical inteqration
of the equation of motion. These three aspects of application will nhe

described in detail in Chapters 6 and 7.

4.6 Definition of Response Parameters

In order to describe the amount of damage that a building structure
sustains during its seismic response, damage parameters need to be
defined. Damage parameters can be divided into two groups corresponding
to different response Jevels. One is reiated to overall structural
response, and the other is associated with localized member response.
Damage  parameters mavy also be classified into two cateaories
corresponding to different types of damage. One is related to ramige
caused by sudden large inelastic deformation excursions, and the other is
associated with jow-cycle fatique-tvpe damage due to sustained reversals
of inelastic deformations. In this section, the response parameters yserd

in this study are defined.
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4.6.1 Overall Response Parameters

The overall response parameters can be subdivided into two groups.
One is related to the response of a frame at storey levels, and the other
Is associated with the response of a frame as a whole. The storey level
response parameters fnclude meximum storey displacement, interstorey
drift, interstorey shear, and interstorey moment. The global response
parameters comprise global displacement ductility and energy indices.

The interstorey drift is defined as the maximum {interstorey
displacement divided by the storey height. This 1is a very useful
paramcter to indicate nonstructural damage. The global dispiacement

ductility is defined as

s
max
u‘ = o e (4.]3)
[
Y
in which
6.“ = the maximum roof displacement;
dy = the roof displacement corresponding to first yielding.

The roof displacement corresponding to first yielding is obtained from an
inelastic static analysis for a frame, as will] be described in Chapter 5.
In the inelastic static analysis, a frame is subjected to monotonically
increased lateral loading which is distributed over height in accord with

the NBCC 1985 distribution formula.

4.6.2 Local Member Response Parameters

The deformation response parameters for structural members include
rotation ductility, curvature ductility, maximum plastic rotation, and

accumulative plastic rotation. The definitions of these parameters are
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given as follows.

The rotation ductility s defined as the ratio of the maximum total

rotation at the end of a member to the vield rotation.

(4.14)

The maximum total rotation 6, can be obtained from the static or
dynamic analysis. In order to estimate the yield rotation ey,
assumption needs to be made regarding the deformed shape of the member at
first yielding. It is wusually assumed that the member yields in
antisymmetric bending. Therefore, the yield rotation is given by

ML

8, = —— (4.15)

6E 1
in which L = the member length; £I = the member stiffness; and Hy = the
yield moment. For the beams, the effect of varying axial force on the
flexural yield strength is not considered. Therefore, ey is a constant.
For the columns, the vyielid moment Ny varies with axial force, as
described by the yield moment-axial force interaction diagram in Fig.
4.3. Therefore, Gy also varies with axial force. In this study, two
definitions are considered for the columns. One corresponds to the
initial axial force under gravity loading, and the other is associated

with the current axial force.

z — (4.16a)
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eIaX

= — (4.16b)
HtL
S
6El

- - d

in which ”ﬁ. H; = the yield moment corresponding to the initial gravity

axial force P. or the instantaneous axial force P, (Fig. 4.5).

The curvature ductility is defined as the ratio of the maximum

curvature to the yield curvature.

B s —— {4.17)

In this definition, the need to assume antisymmetric bending for a wmember
is eliminated. For a bilinear moment-curvature relationship, the

curvature ductility may be written as (Fig. 4.6):

u’ =1+ (4.18)

in which M_ = the maximum moment; and p = the ratio of the strain-

hardening stiffness to the initial elastic stiffness. Eq.(4.18)
eliminates the need to compute maximum curvature which is not directly
accessible in the computer program. It should be noted that Eq.(4.18) is
valid only if M and My correspond to the same time instant. For the

columns, the curvature ductility corresponding to the instantaneous axial

force can be calculated from Eq.(4.18).

M- Ht

t aax y
P Y

The curvature ductility corresponding to the initial gravity axial force

should be computed as follows:
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HG
*3 p— (4.20a)
El
t t
Mv Maax ~ Hy
by = + (4.200)
El PEI
t t
G Pnax Hy Maax = My ,
u‘ = = + (4.20¢)
¢G G 6
y My PHy

In addition to the rotation and curvature ductility factors defined
above, the maximum plastic rotation e:m:at the end of a3 member is also
calculated.

All the damage parameters defined previously are associated with
peak inelastic response values. Therefore, they reflect information on
damage caused by large inelastic deformation excursions. In order to
account for lTow-cycle fatigue-type damage due to sustained reversals of
inelastic deformations, the accumulative piastic rotation e:c is
computed. This damage parameter 1is defined as the sum of the absolute
values of ali the plastic rotations experienced at the end of a member
during the total duration of the response

n
p P p
Oc = . E 18jl (4.21)

in which N, = total number of yield excursions.

100



10t

Table 4.] Values of ¢, and ¢, for Frames Considered in This Study

451 452 108 185

< 2.053329 1.021656 0.386182 0.234098

G, 0.000893 0.001789 0.9005005 0.008370
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Fig. 4.4 P-Delta Effect
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CHAPTER 5
RESULTS OF STATIC ANALYSIS

5.1 Introduction

In this chapter, the inelastic behaviour of the designed frames, as
subjected to monotonically increased lateral loading, (s studied. The
lateral loading is distributed along the height of each frame in
accordance with the NBCC 1985 distribution formula described {n Chapter
3. This static load analysis is Important for the following two reasocns.
First, in current practice of seismic design for regular building
structures, earthquake loading is usually simplified as equivalent static
lateral loading. Second, the inelastic static analysis provides
background information for the evaluation of the inelastic dynamic
responses of the frames to earthquake ground excitations to be described
in Chapter 6.

The static analysis begins with a study of the P-Delta effect on
the overall response of the frames. This study 1is useful to help
understand the detailed inelastic behaviour of the frames. Following this
study, the detailed inelastic behaviour of the frames under monotonicaliy
increased lateral locading is investigated from three different aspects.
First, the sequence of plastic hinge formation in the beams and columns
is traced. Second, the relationship between base shear and roof
deflection is examined. Finally, the distribution of the various
response parameters along the height of each frame for two different

levels of overall drift is examined.
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5.2 P-Delta Effect

In order to fnvestigate the significance of the P-deita effect, two
analyses are performed for each of the eight frames considered in this
study. One includes and the other (gnores the negative geometric
stiffness matrix for each column. Shown in Fig. 5.1 are the comparisons
of the base shear versus roof deflection curves between the two analyses
for the 452 and 185 frames. It can be seen that the P-Delta effect is not
noticeable when the frames are in the linear elastic range. When the
frames are loaded into the inelastic range, the P-Delta effect becomes
significant. In the inelastic range, the P-Delta effect for the 185 frame
is much more significant than that for the 452 frames. In the case of the
452 frames, the base shear without P-Delta effect is about 4% higher than
that with P-Delta effect for an overall drift of 1%, whereas this
difference increases up to 15% for the 185 frame., The overall drift is
defined as the roof displacement of a frame divided by its total height.

As described in Chapter 4, the P-Delta effect is accounted for by
including a negative geometric stiffness matrix for each column based on
the initial axial force due to gravity loading. The global geometric
stiffness matrix is obtained by assembling the column geometric stiffness
matrices, and it is assumed to remain constant during the apptication of
lateral loading. In the elastic range, the initial elastic structural
stiffness is much higher than the geometric stiffness. Therefore, the
effect of including the negative geometric stiffness matrix is not
significant. As more and more structurai members are loaded into the
inelastic range, the structural stiffness is reduced substantialiy, and

the contribution of the geometric stiffness becomes more significant. The
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column axial forces under gravity loading for the 18§ frame are much
higher than those for the 452 frames. Therefore, the softening effect due
to the negative geometric stiffness matrix for the 185 frame 1is more

significant than that for the 452 frames in the inelastic range.

5.3 Plastic Hinge Formation

Shown in Fig. 5.2 are the sequences of plastic hinge formations for
the eight frames when subjected to monotonically f{ncreased lateral
loading. The open circles denote the plastic hinges in the beams, whereas
the solid circies represent the plastic hinges in the columns. The number
beside each circle indicates the formation sequence. The hinge patterns
for the 452, 10S, and 185 frames correspond to an overall drift of 1%,
whereas those for the 451 frames are associated with an overall drift of
0.2%. The use of a smaller overall drift for the 451 frames is because
the 451 frames are much stiffer than the 452 frames.

It can be seen in Fig. 5.2 that plastic hinges are formed first in
the beams. Furthermore, the beam hinges initiate at their right ends. The
beam ends are initially subjected to negative moments under gravity
loading. The lateral loading produces negative moments at the right ends
of the beams and positive moments at their left ends. Therefore, the
lateral loading increases the initial negative moments at the right ends
of the beams and causes the right ends to yield first. After a number of
plastic hinges have formed in the beams, plastic hinges start to form at
the base of the first storey columns. The earlier formation of column
hinges at the base of the first storey columns is due to the large

overturning moment caused by the lateral loading and the assumption of
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total fixity &t the frame base. After the yielding of the first storey
columns at their base, further plastic hinges are formed in the beams,
particularly at their left ends. Following this, column plastic hinges
begin to form at upper or middle storeys.

In a moment-resisting frame, the columns and beams are the
principal elements resisting the lateral seismic and vertical gravity
loads. Unlike the beams, the columns are subjected not only to bending
moments and shears but also to large axial forces. Therefore, large
inelastic deformations in the columns may cause instability. A typical
example of frame collapse due to column instability is a soft storey sway
mechanism, as shown in Fig. 5.3a. In this column sidesway mechanism,
inelastic deformations are concentrated at both ends of the columns
within one storey. Because a column failure has more serious consequences
than a beam failure, it is desirable for plastic hinging to occur in the
beams instead of in the columns. The desired sway mechanism for a frame
is shown 1in Fig., 5.3b. In this beam sidesway mechanism, plastic hinges
are developed in all the beams, and column hinges are located only at the
base of the first storey columns. It can be seen in Fig. 5.2 that for the
frames considered in this study, some column yielding occurs in upper or
middle storeys. However, because there is hinging at only one end of the
columns, the column sidesway mechanism cannot form. Therefore, the sway
mechanisms of the frames designed in accordance with NBCC 1985 and CAN3-
A23.3-MB4 are somewhat between the column sidesway mechanism and the beam
sidesway mechanism. In order to attain the desired complete beam sidesway

mechanism, the column moment capacities need to be increased.
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5.4 Force-Displacement Response

The base shear vs. roof displacement response of a frame subjected
to monotonical ly increased lateral loading provides information regarding
the overall stiffness and strength of the frame. This response depends on
the particular distribution of the lateral lcading. In this study, the
iateral ioading is distributed in accordance with the NBCC [985
distribution formula. For the 4S|, 452, and 105 frames, this is an
inverted triangular distribution. For the 185 frame, the inverted
triangular distribution is modified by an additional concentrated load at
the roof ievel,.

The base shear vs. roof displacement curves for the eight frames
are depicted in Fig. 5.4. The points corresponding to the first beam
hinge and the first column hinge are shown in the same figure to indicate
the possibie change in the behaviour of the frames after the formation of
the first beam or column hinge. In order to indicate the overall
strenaths of the frames relative to their seismic desian forces. the
design base shears for the frames obtained directly from the NBCC 1985
base shear formula (Table 3.4) and the correponding factored desian base
shears are ailso shown in the figure. The factored design base shears are
obtained by muitiplying the design base shears by a load Ffactor of 1.5,
In addition, two points corresponding to the overall drifts of 0.5% and
i.0% are shown on the curves for the 452. 105, and 185 frames. For the
451 frames, the two points are associated with the overall drifts of 0.1%
and 0.2%. The distributions of the various response parameters aiong the
height of each frame for its corresponding two levels of overall drift

will be discussed in a iater section.
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it can be seen in Fig., 5.4 that the base shear-roof displacement
response is nearly linear up to the formation of the First coiumn hinge,
After the formation of the first column hinge, the overall stiffness of
the 105 and 185 frames decreases drasticaliy. The average overall
stiffness after the first column hinge is about 4% of the inittal elastic
stiffness. For the 451 and 452 frames, the overall stiffness decreases
gradually after the first column hinge, and a drastic change occurs at a
pase shear higher than that corresponding to the first column hinge. The
average overall stiffness arfter this drastic change is about B% of the
initial elastic stiffness. The higher overail stiffness of the 451 and
452 frames in the inelastic range as compared to the 105 and 1BS frames
is because the P-Delta effect for the 451 and 452 frames (s less
significant than that for the 105 and tBS frames, as discussed in the
previous section.

It can be seen in Fig. 5.4 that the base shear corresponding to the
first beam hinge is slightly lower than the factored design base shear
for each of the eight frames. The earlier vyieiding of the beams before
the base shear reaches the factored design base shear is due to the
following two reasons. First, in the inelastic static analysis, full
gravity loads without load factors are applied to the frame prior to the
application of the iateral loading, whereas the beam design moments are
obtained from the three combinations of gravity and seismic loads counled
with load factors, as described in Chapter 3. Therefore., the combyinAat ian
of gravity and seismic loads in the analysis is different from that in
the design. Second, in the design of the beams, the moments rdue tou

gravity loadina have been reduced by 207 to account for moment
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redistribution.

As can be seen In fig., 5.4, the 4SIL, 4511, and 4SIH frames have
the same initlal elastic stiffness but different overail strengths. This
difference in the overall strength results from the use of three
different lateral seismic design forces In the design of the frames as
described in Chapter 3. At the specified overall drift of 0.1%, the
overall strength of the 4SIL frame is about (4% lower than that of the
4511 frame, and the overall strength of the 451H frame is about 22%
higher than that of the 4511 frame. The corresponding differences in the
seismic response factor S shown in Fig. 3.4 are 30% and 41%. Therefore,
the difference in the actual strengths of the three frames is about half
of that in their sefsmic design forces. This is because the design of the
three frames Is not based on lateral seismic loading alone. Instead, it
is based on the combinations of gravity and seismic loads coupled with
load factors. Because the design gravity loading is the same for the
three frames, the presence of the gravity loading in the design tends to
reduce the effect of the difference in the seismic loads for the three
frames. As a result, the difference in the overall strengths of the three
frames is less than the corresponding difference in their seismic design
loads. This observation can be further confirmed by the 452 frames. At
the specified overall drift of 0.5%, the overall strength of the 452L
frame is about 6% less than that of the 4521 frame, and the overall
strength of the 452H frame is about 9% higher than that of the 452i
frame. However, the corresponding differences in the seismic response
factor are 147 and 19%. It should be noted that the design of the frames

considered in this study is dominated by seismic loading because of the
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high level of seismicity, i.e. Zv = 6, For gravity load dominated frames,
f.e. in lower seismic zones, the difference in their overall strengths
resulting from the use of different seismic design forces for different
zonal combinations would be even less significant.

It can be observed in Fig. 5.4 that the actual strengths of the
frames are higher than the factored design base shears. For example, the
strength corresponding to an overali drift of 0.5% is about 80%. 62%., and
47% higher than the factored design base shear for the 452L, 4521, and
452H frames, respectively., This overstrength is about 29% and 13% for the
10S and 18S% frames, respectively. The lower overstrength for the 105 and
IBS frames is mainly because the P-Delta effects for these two frames are
more significant.

The overstrength of the frames considered in this study can be
attributed to the foilowing factors. First, the column strengths are
higher than those obtained directly from the elastic static analyses of
the frames under the three ioad combinations because they are keyed to
the beam strengths based on the weak beam-strong column criterion,
Second, the formation of plastic hinges in the frames is a gradual
process, as shown in Fig.5.2, whereas in the ultimate limit state design,
it is implicitly assumed that a frame would be transformed into a
mechanism instantaneousliy. Finaily, strain-hardening effect for the beams
and columns has been included in the analysis.

It should be noted that the yield moments for the beams and the
yield moment-axial force interaction curves for the columns used in the

analysis are based on the dependable material strengths (¢c=0'6‘

$¢,=0.8). This is because in the design of the frames, the determination
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of flexural refnforcing steel for the structural members i{s alsc based on
the dependable material strengths. Therefore, the use of the dependable
strengths instead of the nominal values in the analysis is consistent
with the design. Also, the dependabie values may be considered as a lower
bound for the material strengths. Had the nominal strengths (¢c=|_0;

¢s=l.0) been used in determining the vield moments for the beams and

the vyield moment-axial force Interactfon curves for the columns, the
overstrength of the frames as compared to their seismic design forces

would have been more significant.

5.5 Distribution of Response Parameters

The inelastic behaviour of the frames is aiso studied by examining
the distributions of the various response parameters along their height
when the frames are loaded well Iinto the inelastic range. The
distributions for the 451 and 452 frames are very similar, and so are the
distributions between the 105 and 185 frames. Therefore, only the
distributions for the 452 and 10S frames are presented. The distributions
of the response parameters correspond to two overall drift levels of 0.5%
and 1%.

Shown in Fig. 5.5 are the interstorey drifts of the 452 and 105
frames for the two overall drifts of 0.5% and 1%. Plotted in the same
figure are the interstorey drifts corresponding to the Fformation of the
first beam hinge and the first column hinge. It can be seen that the
interstorey drifts are relatively uniform across the frame height at the
time the first beam hinge or the first column hinge is formed. As the

frames are loaded well into the inelastic range, the fnterstorey drifts
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in the lower storeys Increase substantially, whereas those in the upper
storeys remain relatively unchanged. For the specified overall drift of
1%, the maximum interstorey drift in the lower storeys becomes 1.37%,
1.47%, and 1.65% for the 452, 105, and 185 frames, respectively., The
tendency for the concentration of interstorey deflections in the lower
storeys is more significant for taller frames.

Plotted in Fig. 5.6 are the curvature ductility, rotation
ductility, and plastic rotation for the beams at each storey ievel of the
452 and 105 frames for the two overall drift levels of 0.5% and 1%. The
value of each response parameter at a storey Jlevel is the largest of
those computed at the ends of the three beams of that storey. As in the
case of finterstorey drift, the beam ductility demands and plastic hinge
rotation tend to be concentrated in the lower storeys as the frames are
loaded well into the inelastic range. When the overal} drift of the
frames is doubled from 0.5% to 1%, the beam ductitity demands and
plastic rotation in the lower storeys are also doubled, whereas those in
the upper storeys remain nearly unchanged.

Shown in Fig. 5.7 are the curvature ductility, rotation ductility,
and plastic rotation for the columns in the 452 and 105 frames for the
two levels of overall drift. The results are presented separately for the
exterior and finterior columns. This is because the axial forces in the
exterior columns vary considerabliy during the application of lateral
loading, whereas those in the interfor columns remain relatively
unchanged. Therefore, the effect of varying axial forces on the response
parameters can be examined. For the curvature or rotation ductility, two

different definiticons are used, as described in Chapter 4. One is based
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on the initial axial force under gravity loading ("E-Ung and the
other is based on the current axial force under combined gravity and
lateral loading (u:,ug). It can be seen that the column inelastic
deformations are concentrated at the base of the first-storey columns.

For the inverted triangular distributions of lateral loading, the
beam and column moments in the lower storeys are far more sensitive to a
change in the magnitude of the lateral loading than those in the upper
storeys. This is particularly true for taller frames. Therefore, as the
lateral loading is increased monotonically, the bending moments of the
beams and columns in the lower storeys increase much more rapidly than
those in the upper storeys. This rapid increase in the bending moments
results in the concentration of large inelastic deformations in the lower
storey beams and at the base of the first storey ceolumns. These large
inelastic deformations in turn leads o the concentration of interstorey
displacements in the lower storeys. Therefore, for the frames designed in
accordance with NBCC 1985 and CAN3-A23.3-MB4, the interstorey deflections
tend to be concentrated at the bottom of the frames if the actual
distributions of the seismic loading can be simulated by those assumed in
their design. This concentration of interstorey deflections is
undesirable because the axial loads are the highest in the lower storeys,
and therefore, the lower storeys are more vulnerable to the adverse
second-order P-delta effects.

it can be seen in Fig. 5.7 that the two definitions of curvature or
rotation ductility based on different axial forces provide somewhat
different wvalues for the exterior columns whereas they give nearly

identical values for the interior columns. At the base of the first-
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storey exterior columns where maximum ductilities occur, u% and ug

tend to be lower than “: and ug. This difference increases with an

increase in the number of s%oreys and the level of inelastic deformation.
For the specified overall drift of 1%, ug and ui are about 9%, 16%,
and 39% lower than u and uf for the 452, 10S, and 185 frames,
respectively. The lateral loading produces tensile axial forces in the
left exterior columns and compressive axial forces in the right exterior
columns. As a result, the axial forces due to combined gravity and
lateral loads In the left exterior columns are lower than their Initial
axfal forces under gravity loading, whereas the combined axial forces in
the right exterior columns are higher than their initial gravity axial
forces. This change in the axial forces of the exterior columns can be
seen clearly in Fig. 5.8 in which the ratios of the column axial forces
to their corresponding balanced axial forces are plotted for the case of
combined gravity and lateral loads and that of initial gravity load. For
the interior columns, the effect of the Iateral loading on their axial
forces is very small, and the axial forces under combined lateral and
gravity loads are very similar to the initial axial forces due to gravity
ioad. Therefore, the variation of the axial forces in the exterior
columns due to iateral loading results in different values for the two
definitions of curvature or rotation ductility. For taller frames, this
difference can be significant, and therefore, the two definitions shouild
be clearly distinguished.

It can be observed in Figs. 5.6 and 5.7 that the curvature
ductility is similar to the rotation ductility for the beams. However, at

the base of the first-storey columns, the rotation ductility is
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sfgnificantly higher than the curvature ductitity, and this f{s true for
both definftions. For the overall drift of %, the rotation ductility is
about 50%. 56%, and 57% higher than the curvature ductility for the 452,
108, and 185 frames, respectively. As noted in Chapter 4, the vield
rotation required for the definftion of the rotation ductility is
obtained from the assumption of antisymmetric bending for a structural
member, whereas the dual-component model itself does not need this
assumption. An examination of the bending moment distributions of the
columns in the lower storeys reveals that the actual deformed shapes of
the columns are far from the antisymmetric bending assumption. For the
105 and 452 frames, the contraflexure points of their first-storey
columns are shifted well towards the top ends. For the 185 frame, the
first-storey columns are actually in single curvature bending. Therefore,
the definftion of rotation ductility, as described in Chapter 4, may not
be appropriate for the columns in the lower storeys, and the curvature
ductility is more suitable because its definition does not involve any

assumption regarding the deformed shape of the columns.

5.6 Summary

In this chapter, the inelastic behaviour of the frames designed in
Chapter 3, as subjected to monotonically increased lateral loading, has
been investigated. The lateral loading is distributed along the height of
the frames in accordance with the NBCC 1985 distribution formula.
Therefore, the distributions of the lateral loading in the analysis of
the frames is the same as those used in their design. Based on this

investigation, the following conclusions can be drawn:
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(1) The P-Delta effect is negligible when the frames remain in the
linear elastic range. It becomes significant as the frames are Joaded
well into the inelastic range. In the inelastic range, the P-Delta effect
for high rise frames is much more significant than that for low rise
frames.

(2) The sway mechanisms of the frames designed in accordance with
NBCC 1985 and CAN3-A23.3-M84 are somewhat between the beam sidesway
mechanism and the column sidesway mechanism, when they are subjected to
monotonically increased lateral loading whose distributions are the same
as those assumed for their design. In order to attain the desired
complete beam sidesway mechanism, the column strengths would need to be
increased over those suggested by CAN3-A23.3-M84.

{3) In the short period range (less than 0.5 sec), the differences
in the actual overall strengths of the three frames corresponding to the
three zonal combinations are smaller than the differences in their
seismic design forces. This is because the design of the three frames is
based on the combinations of gravity and seismic loads coupled with load
factors, and the design gravity loading is the same for the three frames.
This observation would be particularly true for gravity load dominated
frames whose design is controlled by gravity loading.

(4) The actual overall strengths of the frames are higher than
their factored design base shears. Therefore, there is seismic
overstrength for the frames designed in conformance with NBCC 1985 and
CAN3-A23.3-M84. This overstrength for low rise frames is more significant

than that for high rise frames.
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(5) The overali stiffnesses of the frames are reduced substantially
after the formation of the first column hinge. This reduction in the
overall stiffness [s particularly pronounced for high rise frames because
the softening effect due to the P-Delta phenomenon for high rise frames
Is more significant than that for low rise frames in the inelastic range.

(6) As the frames are loaded well into the inelastic range,
inelastic deformations tend to be concentrated in the lower storey beams
and at the base of the first storey columns. This concentration of
Inelastic deformations leads to very large interstorey displacements in
the lower storeys, and the maximum interstorey drift in the lower storeys
can be substantially higher than the corresponding specified overal!l
drift.

(7} The large variations of the axial forces in the exterior
columns due to lateral loading results in different values for the two
different definitions of curvature or rotation ductility. This is
particularly true for high rise frames. The definition based on the
current column axial force tends to be larger than that based on the
initial column axial force under gravity loading. Therefore, for the
exterior columns in high rise frames, the level of axial force on which
the definition of ductility factors is based should be clearly
identified.

(8) For the dual-component mode! used in this study, the rotation
ductility can be significantly larger than the curvature ductility for
the columns in the lower storeys. In the definition of the rotation
ductility, the yield rotation is obtained based on the assumption that a

structural member deforms in double curvature with its inflection point
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in the middle. However, the actual deformed shapes of the columns in the
jower storeys are far from this assumption, and the lower storey columns
in a high rise frame subjected to large lateral loading can be in single
curvature bending. Therefore, the definition of rotation ductility
described in Chapter 4 may not be applicable to columns in the lower

storeys of high rise frames.
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CHAPTER 6

RESULTS OF DYNAMIC ANALYSIS

6.1 Introduction

In this chapter, the dynamic response behaviour of the designed
frames subjected to the earthauake records described in Chapter 2 are
studied. The dynamic responses of the frames are analyzed statistically
for the three separate groups of earthquake accelerograms having low,
intermediate, and high A/V ratios. The mean and mean plus one standard
deviation (mean+o) values of the various response parameters are obtafned
for each A/V group of 15 earthquake records. The meanto level is
considered to be appropriate for desiagn purposes, A comparison batween
the mean and meant+s values provides an indication of the dispersion
characteristics of the various response parameters within each A/V group
of ground motions.

Four different parts are involved In this chapter., First, the
statistical results of the various response parameters are obtained for
the designed frames subjected to the three A/V groups of earthquake
records scaled to the desion level peak ground velocity of 0.4 m/s. The
statistical results are used to investigate the effect of qround motion
A/V ratio on the seismic responses of reinforced concrete frame
structures and to evaluate the seismic performance of the reinforced

concrete frame structures designed in comoliance with NBCC 19R% ~nd CAaN3-
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A23.3-MB4. Secondly, the effect of peak ground velocity level on the
Inelastic responses of the designed frames is investigated. Thirdly, the
statistical results of the ineiastic responses of the frames ére compared
with those of their corresponding elastic responses. Finally, the
distributions of overall response parameters are compared for four
different analyses, namely: (a) elastic static ; (b) elastic dynamic; (c)

inelastic static; and {d) inelastic dynamic analyses.

6.2 Characteristics of Dynamic Response Parameters

Before the presentation of the statistical results, the
characteristics of some of the dynamic response parameters observed from

the dynamic analysis are described in this section.

6.2.1 Enerqy Time History Response

The various energy terms have been defined in Chapter 4 for MDOF
systems based on the equation of motion. In this section, the energy time
history responses of the 105 frame subjected to three earthquake records
are presented. These three records are taken from the three A/V groups of
ground motions described in Chapter 2. The three records are (a) the 1933
Long Beach, N3SE component; (b) the 1940 EI Centro, SO0E component; and
(c) the 1985 Nahanni, longitudinal component. As shown in Tables 2.2 to
2.4, the Long Beach, E1 Centro, and Nahanni records have an A/V ratio of
0.37, 1.04, and 2.38 a/m/s, respectively. Shown in Fig.6.1 are the

R ] [ ] L] [ ]
compar isons between EI ang EK+ED+EH+E5 for the 10S frame subjected to the

three records scaled to a peak velocity of 0.4 m/s. ideally, E; should be
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LU
equal to EK+E0+EH+E5. However, because of the approximations involved in

the numerical integration as described in Chapter 4, some differences are

to be expected. It can be seen that the two curves associated with El and

EE+EB+EG+E; are nearly identical at the beginning of the response, and
they deviate towards the end of the response. In the beginning, the frame
remains elastic, and the errors involved in the numerical integration are
very small, As the frame is excited well into the inelastic range, the
errors become relatively significant. [t is also clear from Fig. 6.1 that
the accuracy of the numerical integration is markedly affected by the
frequency characteristics of the input ground motion. When subjected to
the Long Beach record which has a low frequency content, the difference
between the two curves is negligible at the end of the response. However,
the difference is relatively large when subjected to the Nahanni record
which has a very high frequency content. Ground motion having a high
frequency content tends to excite higher vibrational modes of a frame,
whereas the response of a frame tends to be dominated by its fundamental
mode when subjected to ground motion with a low frequency content.
Therefore, for the same time increment used in the numerical integration,
the errors would be generally higher for high frequency excitation than
for low frequency excitation. It has alsoc been observed in this study
that the errors in the displacement time history response are general ly
much lower than those in the energy time history response.

Plotted in Fig.6.2 are the time history responses of the different
energy indices for the 105 frame subjected to the three earthquake
records. It can be seen that the kinetic and elastic strain energy stored

temporarily in the frame becomes very small at the end of the responses,
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and the energy imparted to the frame is almost equal to eneraqv dissipated

by damping and Inelastic deformation. In this chapter, the statistical
[ ] [ ]

results of the input energy (EI). the damping energy (ED). and the

[ ]
hysteretic enerqgy (EH) at the end of the inelastic responses are obtained

for the frames subjected to the three A/V aqroups of earthquake records.

lationship among Different Definitions of Member Ductility
Factors

6.2.2 Rel

The relationships among the different definitions of member
ductility factors for the inelastic dynamic analysis are very similar to
those for the inelastic static analysis discussed in Chapter 5. For the
beams, the rotation ductility is similar to the curvature ductility. In
the case of the columns in the lower storeys, the rotation ductitity is
aenerally higher than the curvature ductility, particularly for the 10§
and 185 frames. For the exterior columns in the lower storevs. the
ductility factors defined on the basis of the current column axial forces
under combined agravity loading and earthquake excitation tend to be
higher than those defined on the basis of initial column axial forces
under aravity loading, This is particularly true for the 105 and 18%
frames. In this chapter, only curvature ductility factors are presented
for the beams and columns. The curvature ductility factor for the columns
is based on the current coiumn axial forces under combined aravity

inading and earthauske excitation.

h.2.3 Overall vs, Local Ductility Demands
A comparison between the overall dispilacement ductiiity and the

iocalized member curvature ductility for the inelastic dvnamic responses
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reveals that even though the overall displacement ductility is a
conservative estimate based on the first yielding point, it is generally
lower than the maximum curvature ductility for the structural members.
The ratio of the maximum member curvature ductility to the overall
displacement ductiiity ranges from about 1.4 to 2.7 for all the analysis
cases. This ratio is generally higher for the 185 and 10S frames than for
the 451 and 452 frames. The higher localized member ductility as compared
to the overall displacement ductility has been demonstrated by the

experimental results of structural subassembiages (68,71).

6.3 Effect of Ground Motion A/V Ratio on Short Period Frames

In order to accommodate the effect of ground motion A/V ratio on
short period structures, NBCC 1985 suggests the use of three different
seismic response factors for three different zonal combinations in the
short period range (up to 0.5 sec), as shown in Fig. 3.4. |In this
section, the effectiveness of this scheme is evaluated based on the
following two different anaiyses performed for the 451 frames:

Anaiysis |: The 451 frame is subjected to each of the three groups of
carthquake ground motions having low, intermediate, and high A/V ratios,
The inelastic responses resulting from each of the three groups of
earthquake records are analyzed statistically, and the statistical
results for the three groups of ground motions are compared., [his
analysis is intended to examine the consequences on the inelastic
responses of a frame structure with a very short fundamental period if
the frame is designed based on the seismic response factor for Za=zv

only, irrespective of the A/V ratios of the input ground motions to which
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it Is subjected.

Analysis Il: The 4SIL, 4511, and 4SIH frames are subjected to the low,

intermediate, and high A/V groups of ground motions, respectively. For
each of the three frames, its fnelastic responses to the corresponding
A/V group of ground motions are anatyzed statistically. In this analysis,
the NBCC 1985 base shear provisions are exactly followed.
A comparison of the statistical results of the various response
parameters between these two analyses will permit an assessment of the
effectiveness of the NBCC 1985 base shear provisions to account for the
effect of ground motion A/V ratio on short period frame structures.

Shown in Fig. 6.3 are the mean and mean+c values of the varfious
response parameters for Analysis 1. It can be seen that the statistical
results of the response parameters are substantially different among the
three A/V groups of ground motions. The statistical results for the high
A/V group of ground motions are higher than those for the intermediate
A/V group, whereas the statistical results for the low A/V group are
lower. With the exception of the cumulative plastic rotation, the mean
curve of a response parameter for one group of ground motions does not
cross over with the meanto curve for another group. Therefore, the
differences in the response parameters among the three A/V groups of
ground motions are much more significant than those within each
individual group. The smaller difference in the cumilative plastic
rotation as compared to the other response parameters can be attributed
to the fact that the cumulative plastic rotation is affected by both the
peak level and the sustained duration of inelastic response, and the

strong-motion durations of the high A/V ground motions are shorter than
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those of the Intermediate and low A/V ground motions (Table 2.5 and
Fig.2.7).

The statistical results of the overall displacement ductility and
the three energy indices for Anaiysis | are included in Table 6.1. It can
be seen that the mean+o overall ductility demand for the high A/V group
of ground motions §s about three times that for the iow A/V group. Also,
the input energy for the high A/V group is much higher than that for the
iow A/V group. For the high A/V group of ground motions, 70% of the input
energy is dissipated by hysteretic action, whereas it is 51% for the low
A/V group.

Plotted in Fig. 6.4 are the statistical results of the various
response parameters for Analysis Il. A comparison between Figs. 6.4 and
6.3 reveals that the use of three different seismic responze factors for
the three different A/V ranges results in only slight improvement in the
consistency of the maximum storey displacement and interstorey drift
among the three A/V groups of ground motions. However, the consistency in
the curvature ductility demand for the structural members Iis
significantly improved. This fis particularly true for the curvature
ductility demands at the base of the first storey columns. for the beam
curvature ductility in the first storey, the mean+c value for the high
A/V group of records is about 242% higher than that for the low A/V group
for Analysis I, whereas the difference reduces to 84% for Anailysis II.
For the curvature ductility at the base of the first storey exterior
columns, the meanto value for the high A/V group is about 208% higher
than that for the 1low A/V group for Analysis [, whereas the difference

decreases to 25% for Analysis I1.
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The curvature ductility depends on both the maximum and yield
curvature. The use of three different seismic design forces for the three
zonal combinations results in different member strengths for the 4SIL,
4511, and 451H frames. Since the three frames have the same initial
elastic member stiffnesses, the differences in their member strengths
lead to differences in their member yield deformations. Even though the
maximum deformations of the 4SIH frame are stiltl higher than those for
the 4511 frame in Analysis [l (Fig.6.4(a)), the higher member yield
deformations for the 4StH frame bring down the member curvature ductility
demands. Likewise, the lower member yield deformations for the 451L frame
increase the member curvature ductility demands. As a result, the
consistency in the member curvature ductility demands among the three AN
groups of around motic ; is improved. The more significant improvement in
the consistency of the curvature ductility demands at the base of the
first storey columns results from the fact that the design moments at the
base of the first storey columns are more sensitive to a change in the
magnitude of the lateral seismic design force than the beam design
moments or the column design moments in the upper storeys.

The statistical results of the overali displacement ductility and
the three energy indices for Analysis Il are included in Tabie 6.1.
Although the maximum roof displacements Ffor the three A/V groups of
ground motions are still very different for Analysis [l (Fig.6.4(a)), the
consistency in the overali displacement ductility is significantly
improved. as can be seen from a comparison of the second and first rows
of Table 6.1(a). This is again because the roof displacement at first

vielding on which the definition of the overall displacement ductility is
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based, is different for the 4SIL, 4SI1, and 4S!H frames (Fig. 5.4(a)). It
fs of interest to note that while the use of three different seismic
response factors for the three different A/V ranges results Iin a 329
decrease in the mean overall ductility demand for the high A/V group and
a 50% Increase for the low A/V group (Table 6.1(a)), the corresponding
changes in the mean input energy are only 2% and B8% (Table 6.1{b}).
Therefore, a change in the strength of a short period frame has very
little effect on the energy imparted to the frame. This observation is
consistent with that for SDOF systems reported by Zahrah and Hall (97}.
However, a change in the strength results in some internal redistribution
between damping and hysteretic energy. As can be seen in Tables 6.1{c)
and (d), the decrease in the strength for the 4SIL frame leads to an
increase in its hysteretic energy and a decrease in its damping energy.
On the other hand, the increase in the strength for the 4SIH frame

reduces its hysteretic energy and increases its damping enerqgy,

6.4 Seismic Performance of Frames Desiagned Based on NBCC 1985 and
CAN3-A23.3-MB4

The purpose of this section is to evaluate the seismic per Formance
of reinforced concrete frames having different fundamental periods
designed in compliance with NBCC 1985 and CAN3I-A23.3-M84 when subjected
to earthquake ground motions having different A/V ratios. The evaluation
focuses on the magnitude and di.tribution of the + .ricus response
parameters for =ach frame as well as their consistency among Frames
having different Ffundame-tal periods. The statistical results for the
451L, 4511, and 451H frames subjected to the low, intermediate, and high

A/V groups of earthquake records have atready been presented in the
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previous section for Analysis 1l (Fig.6.4; Table 6.1). The statistical
results of the varlous response parameters for the 452 {452L, 4521, and
452H), 10S, and 185 frames are also obtalned, and they are shown in Figs.

6.5 to 6.7 and included In Table 6.1.

6.4.1 Comparison of Response Parameters among Three A/V Groups of Ground

Mot ions

It can be seen in Figs. 6.4 and 6.5 that for the 451 and 452 frames
subjected to all three A/V groups of ground motions, a concentration of
large Iinelastic deformations is produced in the beams iocated at the
bottom two storeys. For the columns, large inelastic deformations are
developed at the base of the Ffirst storey columns. These large member
inelastic deformations lead to very large (nterstorey drifts fn the
bottom two storeys. This distribution of inelastic deformations for
earthquake excitation is similar to that for monctonically increased
lateral loading observed in Chapter 5.

In contrast with the 451 and 452 frames, the distribution of
inelastic deformations for the 105 and 185 frames are strongly affected
by the A/V ratio of the input ground motions. It can be seen in Figs.6.6
and 6.7 that for the low AV group of ground motions, beam inelastic
deformations tend to be concentrated in the lower storeys. For the high
A/V group of ground motions, however, beam inelastic deformations in the
upper storeys can be significantly higher than those in the lower
storeys. While the low A/V group of ground motions results in larger
inelastic deformations at the base of the first storey columns, the high
A/V group of ground motions tends to produce more inelastic deformations

in the upper storey columns. The distributions of the interstorey drifts
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over height for the three A/V groups of ground motions are similar to
those of the beam inelastic deform~tions. The "whiplash" effect observed
for the high A/V group of ground motions can be ascribed to more
significant effect of higher .iode participation for the high A/vV aroup of
earthquake ground motions. The spectral analysis of the three A/V groups
of earthquake accelerograms performed in Chapter 2 has indicated that the
frequency content of the high A/V ground motions is much higher than that
of the low A/V ground motions. As a result, the high A/V group of
earthquake records tends to excite the higher vibrational modes of the
105 and 18S frames.

To gain some insight into the effect of ground motion frequency
characteristics on the inelastic response, the sequences of plastic hinae
formation for the 105 frame subjected to three earthquake records from
ths ‘ee  A/V groups of ground motions are shown in Fig.6.8. These three
records are {a) the 1985 iexico, Mesa Vibradora, N9OW component; (h) the
1952 Kern County, Taft, S69E component:; and {c) the 1935 Helena, Carroll
College, NOOE component. As shown in Tables 2.2 to 2.4, the Mesa
Vibradora, Taft, and Carroll College records have an A/V ratio of 0.36,
1.0t, and 2.03 g/m/s, respectively. It can be seen in Fig. 6.8 that when
subjected to the Mesa Vibradora record which has a very low frequency
content, plastic hinges develop in the lower storey beams first and then
migrate from the bottom to the top of the frame. Column plastic hinges
are located only at the base of the first storey columns. When subjected
to the Carroll College record which has a very high frequency content,
beam plastic hinges develop in the upper storey First, and column hinges

are developed only in the upper storeys. The Taft record has a broad
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range of significant frequency content, and consequently, it produces
column plastic hinges both at the base of the first storey columns and in
the upper storeys. [t should be noted that the sequences of plastic hinge
formation shown (n Fig.6.8 are for the total durations of the inelastic
responses, and therefore, these plastic hinges do not ocecur
simultanecusly.

It can be seen in Figs.6.6 and 6.7 that while the beam inelastic
deformations for the low A/V group of ground motiens are slightly lower
than those 7or the high A/V group in the upper storeys of the 10S and 185
frames, they are considerably higher in the lower storeys. In the lower
storeys, the difference in the cumulative plastic rotation between the
low and high A/V groups of ground motions is generalily more significant
than that of the maximum plastic rotation because the strong-motion
durations of the low A/V ground motions are longer than those of the high
A/V ground motions. The low A/V ground motions also produce higher
inelastic deformations at the base of the first storey columns than the
high A/V ground motions. The lower storeys of a high rise frame are more
critical than the upper storeys due to the high axial forces carried by
the lower storey columns. Therefore, low A/V ground motions are more
damaging to high rise frames than high A/V ground motions even when the

Frames are designed based on peak ground velocity.

6.4.2 Comparison of Response Parameters among Different Frames

A comparison of the curvature ductility demands for the structural
members among the frames indicates that the member curvature ductility

demands for short period frames tend to be higher than those for long
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period frames. This 1{s particularly true for the column curvature
ductility demand. For the f{ntermediate A/V group of ground motions, the
max imum mean+o curvature ductility demand for the beams is about 11, 6.5,
5, and 5 for the 4511, 4521, 105, and 18S frames, respectively; the
mean+g curvature ductf{lity demand at the base of the first storey columns
is about 12, 8, 3.5, and 2 for the 4511, 4521, 10S, and 185 frames,
respectively. Because the roof deflection of a frame is highty sensitive
to column yielding, the significant difference in the column curvature
ductility among the frames leads to different overall displacement
ductility demands for the frames. for the intermediate A/V group of
earthgquake records, the meants overall displacement ductility demand is
71.48, 5.12, 3.22, and 2.41 for the 4Sl|1, 4521, 10S, and 185 frames,
respectively.

The nonuniform ductility demands for frames having different
fundamental periods may be attributed to the following two reasons. As
noted In Chapter 3, the structural behaviour coefficient, K, in the NBCC
1985 base shear formula is Independent of structural period. The use of a
constant K factor in the specification of total lateral seismic design
forces would lead to uneven ductil ity demands over period with very high
ductility demands for short period structural systems. This can be best
demonstrated by the inelastic responses of SODOF systems. Plotted in Fig.
6.9 are the mean and mean+ou values of the maximum displacement ductifity
demand for bilinear hysteretic SOOF systems with periods ranging from 0.!
to 3.0 sec when subjected to the three A/V groups of earthquake ground
motions scaled to a common peak velocity of 0.4 n/s. The vie'd strengths

of the 5SDOF systems are specified from the NBCC 1985 base shear formula
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multiplied by a load factor of 1.5. The values for the vy Ky I, and F
factors in the base shear formula are taken to be the same as those used
in the design of the frames. Note that the ductility demand of a SDOF
system only depends on the seismic resistance coefficient which Is
defined as the ratio of the yield strength of the system to fts weight.
It can be seen clearly in Fig. 6.9 that the use of a constant K factor
results in very high displacement ductility demands in the short period
range. The displacement ductility demand drops very rapidly with an
increase in period. Another factor which causes lower column ductility
demands for the 185 and 105 frames as compared to the 45! and 452 frames
s the column design moment ampliffcation due to slenderness effect. As
shown in Table 3.7, the amplification factors for column design moments
due to slenderness effect for the 185 and 10S frames are higher than
those for the 4S1 and 4S2 frames, particularly in the lower storeys.

A comparison of the cumulative and maximum plastic rotations at the
base of the first storey columns for the 451 and 452 frames indicates
that the column sections at the foundation undergo about four to five
major inelastic excursions. A similar comparison for the 105 and 185
frames indicates that the column sections at the foundation experience
only one major yield excursion. Therefore, the column sections at the
foundation for the 451 and 452 frames sustain not only higher curvature

ductility but also larger number of inelastic deformation excursions.

6.4.3 Maagnitude of Response Parameters

It is instructive to compare the ductility demands of the frames

with those of the correponding SDOF systems. Presented in Table 6.2 are
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the statistical results of the maximum displacement ductility for the
SDOF systems whose periods are the same as the fundamental perlods of the
frames and whose yield strengths are specified from the NBCC 1985 base
shear formula multiplied by a load factor of 1.5, when subjected to the
three A/V groups of ground motions scaled to a common peak velocity of
0.4 m/s. It can be seen from a comparison of Table 6.2 with Tables 6.1(a)
that the ductility demands of the SDOF systems are significantly higher
than the global ductility demands of the frames for all three A/V groups
of earthquake records. This dffference becomes particularly pronounced
for the 4Sl and 452 frames. For the intermediate A/V group of ground
motions, the meant+c ductility demand for the SDOF systems is about 1027,
82%, 64%, and 43% higher than the meanto overall ductility demand of the
4511, 4s21, 10S, and 18S frames, respectively. Furthermore, it can be
noted from a comparison of Table 6.2 with Figs.6.4 to 6.6 that for the
451, 452, and 105 frames, even the maximum curvature ductility demands of
the structural members are below or around the maximum displacement
ductility demands of the corresponding SDOF systems. For the SDOF
systems, their vyield strengths are exactly equal to the factored seismic
design forces obtained from the NBCC 1985 base shear formula. However, as
noted in Chapter 5, the actual overall strengths of the frames are higher
than their factored design base shears. Therefore, the overstrength of
the frames as compared to their factored seismic desigu forces leads to
lower overall displacement ductility demands for the frames than the
corresponding SDOF systems. The 451 and 452 frames have more significant
overstrength than the 105 and 185 frames. Consequently, the overall

displacement ductility demands of the 451 and 452 frames are considerably
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lower than the displacement ductility demands of their corresponding SDOF
systems in comparison with the 185 and 10S frames,

Previous studies (33,72,86) have suggested that the structural
behaviour coefficient K In NBCC 1985 be related to a force reduction
factor R. Because the force reduction factor R is directly applied to the
elastic base shear design spectrum, its value can be explicitly related
to the expected overall inelastic behaviour of different structural
systems. In fact, the value of R assigned to a structural system can be
interpreted as the "system ductility" that 1is expected to be developed
during the seismic response of the structural system to the design levei
earthquake excitation. For a SDOF system, the value of R can be directly
related to the maximum displacement ductility of the system. For a
muttistorey bujlding, the "system ductility" cannot be easily defined.
However, the R factor may be related to the global displacement ductility
as defined in Chapter 4. A study by Rainer (72) indicates that the
product of the K and R factors is approximately 4.53. Therefore,
structural systems designed with K=0.7 would be expected to develop a
system ductiiity of 6.5. It can be seen in Tables 6.1(a) that although
the overall disptacement ductility is a conservative estimate based on
the first yielding point, the mean+o overall disptacement ductility
demands for the 452, 10S, and 185 frames are well below the expected
vaiue of 6.5 for all three A/V groups of ground motions. For the [0S and
185 frames, even the mean+s curvature ductility demands of the structural
members are lower than 6.5. In the case of the 45| frames, the meanto
overall displacement ductility for the low A/V group of ground motions is

slightly lower than 6.5, whereas the overall ductility demands for the
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Intermédiate and high A/V groups of ground motions exceed the expected
value of 6.5 by 15% and 23%, respectively.

Comparison of the computed beam inelastic deformation demands with
the observed beam inelastic deformation capacities from previous
experimental studies (16,47,51,67) Indicates that the beams in the
designed frames should be capable of safely resisting the design level
earthquake excitations if sufficient transverse reinforcement is provided
to prevent premature shear failure.,

For all the frames subjected to the three A/V groups of ground
motions, large inelastic deformations are generally developed at the base
of the first storey columns. For the 4S| and 452 frames, the curvature
ductility demands at the base of the first story columns are similar to
or slightly higher than the maximum beam curvature ductility demands. In
the case of the 105 and 185 frames, the curvature ductility demands at
the base of the first storey columns are ilower than the maximum beam
curvature ductility demands. The large inelastic deformations at the base
of the first storey columns are attributable to the large axial forces
and overturning moments at the frame base and to the assumption that the
frames are perfectly fixed at their base. In realfity, foundation rocking
may occur during seismic response, thereby alleviating some of the
inelastic deformation demand. As noted previously, the column sections at
the foundation for the 451 and 452 frames experience higher curvature
ductility demands and larger number of yield excursions as compared to
the 10S and 185 frames. However, for the 451 and 452 frames, the maximum
axiat forces in the first storey columns are well below their balanced

axial forces, as shown in Figs. 6.10{(a) and (b). The Ilower axial forces
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in the columns enable them to develop large curvature ducti)ity before
the buckling of the compressive reinforcing steel. For the 105 and 188
frames, however, the maximum axfal forces in the first storey columns
during the dynamic response exceed thelr balanced axfal forces, as shown
in Figs. 6.10(c) and (d). Because of the excessive compressive axial
forces in these columns, their ability to develop ductility s limfted,
and a large amount of confining reinforcement fs required to prevent the
compressive steel bars from buckling. Therefore, for these columns, a
lower curvature ductility demand is desirable.

An examination of the curvature ductility demands for the columns
reveals that the use of a column overstrength factor of 1.2 in the desi gn
of the columns does not prevent column yielding in the upper or middle
storeys. Column yieiding in the upper or middle storeys during dynamic
response to the earthquake excitations can be attributed to the following
factors. First, the distribution of the beam moments at a joint between
the column sections immediately above or below the Joint during dynamic
response can be considerably different from that assumed in the design,
in the design, the beam moment strengths at a beam-column joint are
distributed to the columns below and above the Joint based on the
relative elastic stiffnesses of the columns as described in Chapter 3.
However, the formation of beam and column plastic hinges and the higher
mode effect can alter the moment distribution at the joint to such an
extent that the sum of the beam moments is resisted only by one of the
columns framing into the joint. Second, strain-hardening effect has been
considered for the beams. The strain-hardening effect increcases the beam

moments over their yield strengths. Previous studies by Paulay et al
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(69,70) have indicated that in order to prevent upper or middle storey
columns from yielding, the summation of column moment strengths should be
1.8 to 2.5 times that of beam moment strengths at a Joint. However., the
computed column inelastic deformation demands in the upper storeys are
generally small, and in most cases, these upper storey columns experience
only one vyield excursion. These inelastic deformation demands are within
the observed deformation capacities of ductile reinforced concrete

columns {9,96),

6.4.4 Dynamic vs. Static Overstrength

The mean values of the maximum storey shears associated with the
inelastic responses of the frames to the three A/V groups of ground
motions are compared with the factored design storey shears of the frames
in Fig.6.11. Table 6.3 presents the percentages by which the mean values
of the maximum fnelastic dynamic base shears are higher than their
corresponding factored design base shears. The corresponding mean overal i
drifts are also shown in the table. It can be seen in Fig.6.1]1 that the
inelastic dynamic storey shears are higher than the Ffactored design
storey shears. The overstrength of the frames has been observed for the
case of monotonically increased lateral loading in Chapter 5, and some of
the factors causing this overstrength have been discussed there. However,
as indicated in Table 6.3, the dynamic overstrength is generally higher
than the static overstrength for the comparable level of overall drift.
This is particularly true for the 105 and 185 frames. in the static
analysis, the lateral loading for a frame is increased monotonical ly, and

plastic hinges épread over the frame with Increasing the lateral loading.
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During the dynamic response, however, the reversal of excitation may
cause some of the plastic hinges developed eariier to close. Therefore,
a8t a particular time instant, the plastic hinge pattern would not be the
same as in the case of static loading. This is particularly true for
taller frames. As a result, the dynamic overstrength Is usually higher

than the static overstrength.

6.5 Effect of Peak Ground Velocity Level on Inelastic Response

In the previous analysis, all the input ground motions have been
scaled to a common peak velocity of 0.4 m/s. ".is peak ground velocity
level has been used for the specification of lateral seismic design
forces, corresponding to an exceedance probability of 10% in 50 years,
However, because of the random nature of earthquake ground excitations,
the peak wvelocity level of earthquake ground motions that will strike a
building in the future may exceed the level assumed in the design of the
building. Therefore, it is desirable to examine the consequences on the
inelastic responses of building frames 1{if the intensity of the input
ground motions for the frames is increased over that assumed for their
seismic design.

In this section, the peak ground velocity level used for scaling
the earthquake records is increased by 50%, and the inelastic responses
of the 452, 105, and 185 frames to the three A/V groups of ground motions
scaled to a common peak velocity of 0.6 m/s are computed. A comparison of
the statistical results of the various response parameters between the
two peak ground velocity levels of 0.6 and 0.4 m/s will permit an

assessment of the sensitivity of the inelastic responses of the frames to
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an Increase In the intensity of earthquake excitations.

6.5.1 Deformation Response Parameters

The meanto values of the various response parameters for the two
levels of peak ground velocity are compared in Figs. 6.12 to 6.14 for the
452, 105, and 185 frames, respectively. It can be seen that when the
intensity of the fnput ground motions is increased by 50%, the beam
inelastic deformations in the lower storeys are increased by about 100%,
whereas those in the upper storeys remain relatively unchanged. For the
columns, an about 100% increase in the curvature ductility demand occurs
at the base of the first storey columns. This significant increase in the
member inelastic deformations in the lower storeys leads to an about 100%
increase in the interstorey drifts in the lower storeys. Therefore, as
the intensity of the fnput ground motions increases, 1inelastic
deformations tend to be concentrated at the bottom of the frames for all
three A/V groups of ground motions. This observation for earthquake
excitation is consistent with that For monotonically increased latera}
loading. In Chapter 5, it has been shown that inelastic deformations tend
to be concentrated in the Ilower storeys as the magnitude of the
distributed lateral loading is increased.

Presented in Table 6.4(a) are the statistical results of the
overall displacement ductility demands for the 452, 105, and 185 frames
subjected to the three A/V groups of ground motions scaled to a common
peak velocity of 0.6 m/s. To facilitate comparison with the statistical
results for the design level peak ground velocity of 0.4 m/s, the ratios

of the mean overali displacement ductilities between V = 0.6 and 0.4 m/s
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are shown in Table 6.5(a). It can be seen that the increase in the
overall displacement duct!lity resulting from an increase in the
intensity of the input ground motions s generally lower than that in the
max imum member curvature ductitity. Again, it Is instructive to compare
the increases 1in the ductility demands of the frames with those of the
corresponding SD0F systems. Shown iJin Table 6.6 are the statistical
results of the maximum displacement ductility demand of the bilinear SDOF
systems subjected to the three A/V groups of ground motions scaled to a
common peak velocity of 0.6 m/s. To facilitate comparison, the ratfos of
the mean displacement ductilities for the SDOF systems between V = 0.6
and 0.4 m/s are shown in Table 6.7. A comparison between Tables 6.7 and
6.5(a) reveals that the increase in the overall displacement ductility
demand of the frames is similar to that in the displacement ductility
demand of the corresponding SDOF systems.

Comparison of Table 6.4(a) with Table 6.6 indicates again that the
overstrength of the frames as compared to their factored seismic desiagn
forces leads to much lower overall ductiiity demands than the ductility
demands of the corresponding SDOF systems for the increased peak ground
velocity level of 0.6 m/s. For the intermediate A/V group of ground
motions, the meant+o ductility demands for the SDOF systems are 73%, 85%,
and 40% higher than the mean+o overall ductility demands for the 4521,
10S, and 185 frames, respectively. These differences in the ductility
demands between the frames and the corresponding SDOF systems are similar
to those for the design level peak ground velocity of 0.4 m/s. Under the
increased peak ground velocity of 0.6 m/s, the mean+o overall ductility

demands of the 452 frames have exceeded the expected "system ducti)ity"
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of 6.5, whereas the meant+o overall ductflity demands of the 1{0S and !8%
frames are stil! below 6.5. However, the mean+c member curvature
ductitity demands for the 10S and 185 frames have exceeded 6.5 for the

low and intermediate A/V groups of ground motions.

6.5.2 Energy Indices

The statistical results of the three energy indices are shown in
Tables 6.4(b), {(c), and {d) for the 452, 10S, and 185 frames subjected to
the three A/V groups of ground motions scaled to a common peak velocity
of 0.6 m/s. To facilitate comparison with the results assocfated with the
design level peak ground velocity of 0.4 m/s, the ratios of the mean
values of the three energy indices between V=0.6 and 0.4 m/s are
presented in Tables 6.5(b), (c), and (d). A comparison between Tables
6.5(a) and (b) indicates that the increase in the input energy resulting
from @ 50% increase in the ground motion intensity is more significant
than that in the overall displacement ductility demand.

[t can be seen from Eq. (4.9a) in Chapter 4 that for the elastic
response of a frame, an increase in the intensity of its input ground
motion by a factor of A will result in a corresponding increase in the
energy imparted to the frame by a factor of . For the inelastic
response of a frame, the relationship between its response and the
intensity of its input ground motion becomes nonlinear, and simple
scaling factors for input energy cannot be easily obtained. However,
based on studies of SDOF yielding systems, Jennings (44) indicated that
the scaling factor for the energy input to elastic systems may also be

used for vyielding systems. It can be seen in Table 6.5(b) that the ratio
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of the input energy between V=0.6 and 0.4 m/s ranges from 2.02 to 2.46,
depending upon the frame and the A/V group of ground motions in question.
These ratios are very close to the scaling factor of {0.6/0.4)2 = 2,25,
Therefore, it appears that the scaling factor for eilastic fnput energy
may also be used for fnelastic Input energy in the case of MDOF systems.
A comparison between Tables 6.5(c) and (d) reveals that the
increase in the hysteretic energy is more significant than that of the
damping energy. Therefore, most of the increased fnput energy resulting
from an increase in the intensity of the fnput ground motions has to be
dissipated through hysteretic action. This is consistent with the
observed substantial increase in the beam and column curvature ductility

demands in the lower storeys,

6.6 Comparisor, between Inelastic and Elastic Responses

In this section, the inelastic and elastic responses are compared
for the frames when subjected to the three A/V groups of earthquake
records. The comparison is made for the design peak ground velocity level
of 0.4 m/s. The relationships between the inelastic and elastic responses
for V = 0.6 m/s are similar to those for V = 0.4 m/s, and therefore, they
are not presented herein. This comparison is useful! for the following two
reasons. First, the elastic response of a building structure can be used
as a reference against which the effect of allowing inelastic
deformations in the building can be evaluated, Second, the information
regarding the relationship between the inelastic and elastic responses
would enable a rational design to be obtained Ffrom the results of an

elastic dynamic analysis which is less expensive than an inelastic
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dynamic analysis.

6.6.1 Deformation Response Parameters

Fig. 6.15 compares the mean values of fhe maximum storey
displacement and interstorey drift between the inelastic and elastic
responses for the 451, 452, 10S, and 18S frames, respectively. The use of
the mean+s values instead of the mean values will not affect the
comparison because the coefficients of variation for the {nelastic and
elastic responses are similar. It can be seen in Fig. 6.15 that the
maximum storey displacements of the inelastic response are generally
higher than those of the elastic response for the 451 frames for all
three A/V groups of ground motions. In the case of the 105 and 185
frames, the maximum storey dispiacements for the inelastic response are
generally lower than those for the elastic response. Toerefore, for
frames with very short fundamental perfods, the maximum storey
displacements of their inelastic responses tend t~ be higher than those
of their corresponding elastic responses, whereas the reverse tends to be
true for frames with moderate or long fundamental periods. This
conclusion based on statistical analysis for realistic frame structures
is consistent with that obtained in the previous studies for SDOF
systems, shear beam models, and simple moment-resisting frames subjected
to individual earthquake ground motions (41,90,91).

For the 451 frames, the interstorey drifts of *“he inelastic
response are higher than those of the elastic response in the bottom two
storeys and lower in the top two storeys. The higher interstorey drifts

for the inelastic response in the bottom two storeys result from fact
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that large inelastic deformations are concentrated at the bottom two
storeys during the inelastic responses of the frames. The lower
interstorey drifts for the inelastic response in the upper two storeys
are presumably because the concentration of inelastic deformations at the
bottom of the frames tends to relieve the interstorey deflections of the
top two storeys. The relationship of interstorey drifts between the
inelastic and elastic responses for the 452 frames is similar to that for
the 45! frames. For the 10S and 185 frames, the interstorey drifts for
the inelastic response are lower than those for the elastic response in
the upper and middle storeys. In the lower storeys, the interstorey
drifts of the inelastic response are similar to or higher than those of
the elastic response, depending on the A/V group of ground motions. This
is again due to the effect of the concentration of inelastic deformations

in the lower storeys for the inelastic response.

6.6.2 Force Response Parameters

The mean maximum storey shears are compared in Fig.6.11 between the
inelastic and elastic responses for the 451, 452, 105, and 185 frames,
respectively. It can be seen that the difference in the storey shears
among the three A/V groups of greund motions for the inelastic response
is considerably smaller than that for the elastic response. This is not
surprising since the maximum storey shears in the inelastic response are
limited by the vyield strengths of the structural members, and the
variations resulting from the strain-hardening effect beyond the member
yield strengths are relatively small. Furthermore, it can be observed

that the storey shears for the elastic response are substantially higher
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than those for the Inelastic response. This clearly demonstrates the
economic advantage of relying on inelastic deformations in the seismic
design of buiiding structures. By allowing limited amount of inelastic
deformation, the forces resisted by the frames are considerably lower
than those that would be required if the frames were to remain elastic.
Table 6.8 compares the mean overall dispiacement ductility demands
with the ratios of the mean elastic to inelastic base shears for the 4Si,
452, 10S, and IBS frames, respectively. The ratio of elastic to inelastic
base shears can be interpreted as a force reduction factor through which
the elastic strength demand is reduced to obtain the actual base shear
resisted in the inelastic response. It can be seen that for the 10S and
185 frames, the overall ductility demands are close to the force
reduction factors. However, for the 451 frames, the overall ductility
demands are significantly higher than the corresponding force reduction

factors. This observe-ion is consistent with that for SDOF systems (90).

6.6.3 Energy Indices

Tabie 6.9 presents the statistical results of the input energy per
unit mass Ffor the elastic responses of the 4Sl1, 452, 10S, and 185 frames
subjected to the three A/V groups of earthquake ground motions scaled to
a common peak velocity of 0.4 m/s. To facilitate comparison with the
input energy per unit mass for the inelastic responses, the ratios of the
mean inelastic to eiastic input energy are shown in Table 6.10. It can be
seen that the input energy for the inelastic response is similar to that
for the elastic response. To examine the detailed correlation of the

input energy between the inelastic and elastic responses, the inelastic
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input energy is plotted against the eilastic input energy in Fig. 6.16 for
the individual earthquake records for the 4%1, 452, 105, and 185 fram-s,
respectively. It can be seen that the correiation of input energy between
the inelastic and elastic responses for long period frames appears to be
hetter than that for short perfod frames. The similtarity in the input
energy between elastic and inelastic responses has been observed for SDOF
systems in previous studies by Jennings (44) and Zahrah and Hall (97).
Based on this study, it may be concluded that this similarity between

inelastic and elastic input energy is also true for multistorey building

frames.

6.7 Distribution of Response Parameters for Different Analyses

In current practice, the elastic static analysis is wused for the
design of regular building st:uctures. It has also been suggested (5,88)
that the interstorey deflections of the designed buildings wunder design
level earthguake excitation may be estimated from the elastic static
analysis of the buildings wunder the design lateral seismic loading
coupled with a deflection amplification factor. Therefore, it is
implicitly assumed that the distribution of the inelastic interstorey
deflections resulting from earthquake ground shaking would be similar to
that of the elastic interstorey deflections resulting from the design
lateral seismic loading. However, the use of the conventional elastic
static analysis for estimating the distribution of the actual inelastic
deflections for a building may be inappropriate for the folliowing two
reasons. First, the presence of local inelastic deformations in the beams

and columns during the dynamic response may significantly alter the
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characteristics of the bullding. Second, the effect of higher mode
contributions may change the distributions of the inelastic deflections.

In this section, the distributions of the overall response
parameters over the height of the 452, 105, and 185 frames are compared
for four different analyses. These four analyses are (a) elastic static;
{b) elastic dynamic; (c) inelastic static; and (d) inelastic dynamic
analyses. This comparison is made for each of the three A/V groups of
ground motions. Furthermore, for each A/V aroup of ground motions, two
different levels of peak ground velocity are considered, namely V = 0.4
and 0.6 m/s. These comparisons serve two purposes. The first purpose is
to evaluate the capability of the three relatively simple analyses
(elastic static, inelastic static, and elastic dynamic analyses) to
estimate the distributions of the overall response parameters associated
with the inelastic dynamic responses of the frames to earthquake ground
excitations. The second purpose is to examine the effect of ground motion
characteristics on the relationships among the four different analyses
for moment-resisting frames with different numbers of storeys.

The overall response parameters considered are the interstorey
drift and storey shear. For the inelastic and elastic dynamic analyses,
the distribution shapes are associated with the mean values of the
response parameters. While the distributions for the elastic dynamic
analysis are independent of the intensity of the input ground motions,
those for the inelastic dynamic analysis depend on the ground motion
intensity. The distributions for the inelastic dynamic analysis are
considered for the two peak ground velocity levels (0.4 and 0.6 m/s} used

to scale the input ground motions. In determining the response parameter
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distributions for the inelastic and elastic static analyses, the lateral
loading is distributed over the height of each frame according to the
NBCC 1985 distribution formula. The distributions for the elastic static
analysis do not depend on the level of roof displacement. The
distributions for the inelastic static analysis are associated with two
roof displacement levels. The two roof displacements are set equal to the
two mean values obtained from the inelastic dynamic analysis for the two
levels of peak ground velocity.

To eliminate the difference attributable to the magnitude of roof
displacement, the interstorey drifts obtained from each analysis are
normal ized with respect to the correponding roof displacement obtained
from the same analysis. The storey shears computed from each analysis are
normatized to the corresponding base shear obtained from the same
analysis to eliminate the difference attributable to the magnitude of

base shear.

6.7.1 Interstorey Deflection

Figs. 6.17 to 6.19 compare the variations of interstorey drift over
height among the four analyses for the 452, 105 and 185 frames,
respectively. For the distributions of the 452 frames, the relationships
among the four analyses are similar for the three A/V groups of ground
motions. The distributions obtained from the inelastic static analysis
are close to those of the inelastic dynamic analysis. The distributions
computed from the elastic static analysis are similar to those from the
elastic dynamic analysis. Therefore, for the 452 frames, the

contributions of higher modes are insignificant. Both elastic static and
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dynemic analyses underestimate the Interstorey drift 1in the bottom two
storeys and overestimate the interstorey drift in the top two storeys.
This is particulariy true for high inelastic response level corresponding
to the peak ground velocity of 0.6 m/s. The underestimation in the bottom
two storeys results from the fact that the inelastic deformations of the
45?2 frames subjected to the three A/V groups of ground motions are
concentrated at the bottom of the frames, whereas the elastic static and
dynamic analyses cannot account for this concentration.

In contrast with the 452 frames, the relationships among the
distributions associated with the four analyses for the 105 and 185
frames are strongly affected by the A/V ratio of the input ground
motions. For the high A/V group of ground motions, the interstorey drifts
obtained from the inelastic and elastic dynamic analyses are
substantialily higher than those computed by the Iinetastic and elastic
static analyses in the upper storeys. In the case of the low A/V group of
ground motions, the differences in the interstorey drift between the
dynamic and static analyses are relatively smali. Therefore, the effect
of higher mode contributions on the interstorey deflection for high A/V
ground motions is much more significant than that for low A/V ground
motions. The use of both inelastic and elastic static analyses will
grossly underestimate the interstorey drift in the upper storeys for high
A/V ground motions. The more significant contribution of higher modes for
the high A/V ground motions results from the fact that the high A/V
ground motions have higher frequency content, and therefore, they tend to
excite the higher modes of the 105 and 185 frames. While the elastic

dynamic analysis provides interstorey drift distributions similar to
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those of the inelastic dynamic analysis in the upper storeys, it
underestimates the interstorey drift in the iower storeys. This
underestimation becomes particularly pronounced for the low A/V ground
motions. This is because for the low A/V ground motions, inelastic
deformations are concentrated in the lower storeys, and both the elastic
dynamic and static analyses cannot account for this concentration.

The relationships of the interstorey deflection distributions among
the four analyses for the 10S and 185 frames are also markedly affected
by the level of inelastic response associated with the peak ground
velocity level of the finput ground motions. A comparison of the
distributions between V=0.4 and 0.6 m/s indicates that the contributions
of higher modes to the interstorey drift in the upper storeys tend to
decrease with an increase in the inelastic response level. The less
significant effect of higher mode contribution for higher leve! inelastic
response may be attributable to the following two factors. First, the
significant period elongation due to high level inelastic response
reduces the tntensity of higher mode responses because the response
intensity associated with the three groups of ground motions decreases
rapidly with an increase in period for periods longer than about 0.3 sec,
as can be seen in Fig. 2.5. This decrease is particularly pronounced for
the high A/V group of ground motions. Second., yielding of the 10S and 185
frames also modifies their apparent mode of vibration so as to increase
the participation factor for the “fundamental mode”. In the lower
storeys, an increase in the inelastic response level tends to increase
the differences in the interstorey drift between the inelastic and

elastic analyses. This 1s because the concentration of inelastic
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deformatfons in the lower storeys becomes more significant for high level

inelastic response.

6.7.2 Storey Shear

Figs.6.20 to 6.22 compares the variations of storey shears over
height among the four analyses for the 452, 105, and 185 frames,
respectively. It can be seen that for the 105 and 185 frames, the
contribution of higher modes to storey shear for the high A/V group of
ground motions is more significant than that for the low A/V group. In
comparison with interstorey drift, the contribution of higher modes to

storey shear is generally less sionificant.

6.8 Summary

In this chapter, the inelastic dynamic responses of the designed
frames subjected to the three groups of earthquake records having low,
intermediate, and high A/V ratios are analyzed statistically. The
statistical results are used to investigate the effect of ground motion
A/V ratio on the inelastic dynamic responses of frame structures and to
evaluate the seismic performance of frame structures bhaving different
fundamental periods designed in accordance with NBCC 1985 and CAN3-AZ23.3-
MB4. In addition. the effect of peak ground velocity level on the
inelastic response is investigated. The statistical resuits of the
inelastic dynamic responses are compared with those of the corresponding
elastic dynamic analysis. Finally, the distributions of overall response
parameters over frame height are compared for four different analyses,

namely: (a) elastic static: (b) elastic dynamic; (c) inelastic static;
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and (d} inelastic dynamic analyses. Based on this statistical study, the
following conclusions can be drawn:

{1) If the specification of seismic design forces is directly tied
to peak ground velocity, the use of a single seismic response factor
results in different values for the various overall and localized
response parameters for frames with short fundamental periods, when
subjected to earthquake ground motions having different A/V ratios. The
response parameters for high A/V ground motions are considerably higher
than those for low A/V ground motions. The use of three different seismic
response factors for three different A/V ranges, as suggested 1n NBCC
1985, provides slight improvement in the consistency of maximum storey
displacement and interstorey drift. However, the consistency in member
curvature ductility demands and overall displacement ductility demands is
significantly improved. This improvement is particularly pronounced for
the curvature ductility demand at the base of the first storey columns.
The improvement results from the fact that the wuse of three different
seismic design forces for the three A/V ranges leads to three frames
having different member yield curvatures and overall yield displacements
on which the computation of ductility factors is based.

{(2) For low rise frames, inelastic deformations tend to be
concentrated at the bottom of the frames, irrespective of the A/V ratio
of the input ground motions. This distribution of inelastic deformations
over height Ffor earthquake excitation is similar to that for
monotonically increased lateral loading. For high rise frames, the
distributions of inelastic deformations over height are strongly affected

by the A/V ratio of the input ground motions. For low A/V ground motions
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which have lower frequency content, inelastic deformations tend to be
concentrated in lower storeys. For high A/V ground motions which have
higher Frequenc content, the "whiplash" effect is very significant due
to significant contribution of higher modes, and inelastic deformation in
the upper storeys can be significantiy higher than those in the lower
storeys,

(3) While iow A/V ground motions produce slightly lower inelastic
deformations than high A/V ground motions in the upper storeys of high
rise frames, they develop considerably higher inelastic deformations in
the lower storeys. Because the lower storeys are more critical than the
upper storeys due to the high axial loads carried by the columns, low A/V
ground motions tend to be more damaging to high rise frames than high A/V
ground motions even when the frames are designed based on peak ground
veilocity.

(4) Seismic design based on NBCC 1985 and CAN3-AZ23.3-M84 leads to
nonuniform ductility demands Ffor frames havina different fundamental
periods. The member curvature ductility demands and the overall
disptacement ductility demands for short period frames tend to be higher
than those for long period frames. This is particularly true for the
curvature ductility demands at the base of the first storey columns. The
nonuniform ductility demands for frames with different fundamental
perinds are attributable to the use of a period-independent structural
behaviour coefficient K and different amplifications of column design
moments due to slenderness effect for frames having different numbers of

storevs.
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(5) Because of the overstrength of the frames as compared to their
factored seismic design forces, the global displacement ductility demands
of the frames are generally lower than the displacement duct{lity demands
of the corresponding SDOF systems whose periods are the same as the
fundamental periods of the frames and whose yield strengths are specified
as factored seismic design forces from the NBCC 1985 base shear formula.
This difference 1is particularly pronounced for short period frames,
because short period frames have more significant overstrength than long
period frames.

(6) The mean+c global displacement ductility demands for frames
with moderate and long fundamental periods subjected to design level
earthquake excitations are generally lower than the expected "system
ductility" as implied by the value of the K factor used in the design.
For frames with very short fundamental periods, the meanto overall
displacement ductility demands would exceed the expected value.

(7) For a comparable jevel of overall drift, the dynamic
overstrength of the frames as compared to their Ffactored seismic design
forces tends to be more significant than the static overstrength. This is
particularly true for high rise frames.

(8) The inelastic deformations in the lower storeys are highly
sensitive to the peak ground velocity level of the input ground motions
for both low and high rise frames. A 50% increase in the peak ground
velocity of the input ground motions results in neariy 100% increase in
the curvature ductility demands for the structural members in the lower
storeys. As a result, the interstorey drifts in the lower storeys are

also significantly increased. In addition, the input energy 1is more than
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doubled. Most of the increased input energy has to be dissipated through
hysteretic action, This clearly points out the need for accurate
evaluation of the peak ground velocity expected at a building site as
well as appropriate assessment of the uncertainties associated with this
evaluation.

{9) For frames having very short fundamenta! periods, the maximum
storey displacements for inelastic response tend to be higher than those
for elastic response. The reverse tends to be true for frames having
moderate or long fundamental periods. The global displacement ductility
demands are close to the ratios of elastic to inelastic dynamic base
shears for moderate or long period frames, whereas the overall ductility
demands are significantly higher than the force ratios for short period
frames. The input energy for inelastic response is similar to that for
elastic response. This correlation appears to be better for long period
frames than for short period frames.

{(10) For low rise frames, the inelastic static anaiysis provides
very similar distributions of interstorey deflections to those of the
inelastic dynamic analysis. Both elastic static and dynamic analyses tend
to underestimate the interstorey deflections at the bottom of the frames.
For high rise frames, the distribution of interstorey deflections for the
etastic dynamic analysis is similar to that for the inelastic dynamic
analysis in the upper storeys. The use of both inelastic and elastic
static analyses grossly underestimates the interstorey drift in the upper
storeys. This underestimation is particularly pronounced for high A/vV
ground motions. In the lower storeys, the distribution of interstorey

drift for the inelastic static analysis is close to that for the
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inelastic dynamic anaiysis. The use of elastic dynamic or static analyses
tends to underestimate interstorey drift in the lower storeys. This is
particularly true for low A/V around motions.,

(11) For high rise frames, the contribution of higher modes to
interstorey drift in the upper storeys tends to decrease with an increase
in the level of ineiastic response.

(12) For high rise frames, the higher modes of vibration make a
more significant contribution to interstorey deflection than to storey

shear.
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Table 6.1 Statistical Results of Overall Displacement Ductility and
Energy Indices for 451, 452, 10S, and (85 Frames Subjected
to Low, Intermediate, and High A/V Ground Motions Scaled to

a Common Peak Velocity of 0.4 m/s

Low A/V Intermediate A/V High A/V

Frame

Mesn Mean+o COV Mean Mean+og COV Mean Heant+c COV

{a} Overall Displacement Ductility u,
asil' | 2.87 4.04 o0.41 | 6.08 7.48 0.23 | 9.40 12.19 0.30
astt | 431 6.15 0.43 6.08 7.48 0.23 6.36 7.97 0.25
452 3.37 4.26 0.26 4,13 5.12 0.24 3.89 4.97 0.28
105 2.5 3.21 0.26 2.72  3.22 0.9 1.89 2.35 0.24
185 1.9t 2.46 0.29 2.02 2.41 6.19 1.26 1.70  0.35
(b} Input Energy E; (:m/sec)z
4511 l462 2607 0.78 4537 6226 0.37 5494 7204 0.3!
45] 1581 2795 0.77 4537 6226 0.37 S4t6 7057 0.30
452 3144 525} 0.67 7486 10123 0.35 6231 9538 0.53
105 5875 8911 0.52 7693 10533 0.37 4329 6441 0.49
185 4816 7108 0.48 5649 7620 0.35 2827 4087 Q.45
{c) Damping Energy E; (em/sec)?
4511 695 1193 0.72 1530 2129 0.39 1514 1760 0.29
451 630 {081 0.72 1530 2129 0.3% 1604 2078 0.2%
452 1609 2634 0.64 3073 4227 0.37 2358 3296 0.40
105 2999 4165 0.39 3jes9 484} 0.31 2089 2973 0.42
185 2501 3463 0.38 3138 4261 0.36 1634 2243 0.37
(d) Hysteretic Energy E; (cm/sec)z

4511 724 1385 0.89 2845 3946 0.39 3617 4886 0.35
451 899 1641 0.83 2845 3946 0.39 3406 4602 0.35
452 1422 2492 0.75 4074 5585 0.37 3300 5651 0.71
105 2680 4568  0.70 3544 5371 0.52 1655 2820 0.70
185 2121 3595 0.70 2076 2865 g.38 636 1209 0.90
* Analvsis |

+ Analvysis |
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Table 6.2 Statistical Results of Maximum Displacement Ductility for
SDOF Systems Subjected to Low, Intermediate, and High A/V
Ground Motions Scaled to a Common Peak Velocity of 0.4 m/s

Low A/V Intermediate A/V High A/V
Periecd

Mean Mean+g COV Mean Mean+o COV Mean Meanta COV

0.23 9.36 13,28 0.42 11.63 15.08 0.30 8.89 11,67 0.3!
0.47 5.57 7.34 0.32 7.08  9.31 0.3! 6.04 7.59 0.26

1.20 4,14 5.15 0.24 4.29 5.27 0.23 2.56 3.54 0.38

2.01 2.87 3.86 0.34 2.63 3.45 0.31 1.50 2.04 0.35

Table 6.3 Oynamic Overstrength

Low A/V Intermediate A/V High A/V

Frame

Overall Overall Overatl

Drift Overstrength | Drift  Overstrength Drift Overstrength
451 0.08% 867% 0.16% 7% 0.23% 55%
452 0.25% B80% 0.36% 787% 0.41% 63%
105 0.40% 43% 0.42% 52% 0.29% 56%
185 0.35% 27% 0.37% 41% 0.23% 467%
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Table 6.4 Statistical Results of Overal! Displacement Ductfiity and
Energy Indices for 452, 10S and 185 Frames Subjected to
Low, Intermediate, and High A/V Ground Motions Scaled to
a Common Peak Velocity of 0.6 m/s

Low A/V Intermediate A/V High A/V

Frame
Mean Meantc COV Mean Mean+o COV Mean Mean+o COV

(a) Overall Displacement Ductility ¥,

452 5.73 7.88 0.38 6.80 9.02 0.33 5.80 7.22 0.24
105 4,01 4,92 0.23 4,08 4.97 0.22 2.7t 3.35 0.24

185 3.18 4,30 0.35 2.94 3.73 0.27 1.65 2.20 0.34

{b) Input Energy E; (cm/sec)’

452 7727 12443 0.6l 16716 22048 0.32 12582 18972 0.51
105 12397 18075 0.46 15880 21296 0.34 8778 12795 0.46

185 11018 15205 0.38 12517 16357 0.31 6040 8675 0.44

(c) Damping Energy E; (cm/sec)2

452 2822 4481  0.59 5449 7336 0.35 4039 5693 0.41
105 4808 6645 0.38 6029 7942 0.32 3455 4740 0.37

185 4404 5802 0.32 5462 7210 0.32 2898 3968 0.37

{(d) Hysteretic Energy EH (cm/sec)Z

452 4650 7746 0.67 10541 13864 0.31 7312 11920 0.63
105 7167 11156 0.56 8869 12341 0.39 4050 6584 0.63

185 6182 9271  0.50 6097 8110 0.33 1917 3307 0.72




Table 6.5 Ratfos of Mean Overall Displacement Ductilities and Energy
Indices for 452, 105, and 185 Frames between Two Peak Ground

Velocity Levels of 0.6 and 0.4 m/s

185

Frame Low A/V Intermediate A/V High A/V
(a) Overall Displacement Ductiiity M,
452 1.70 1.65 1.49
10S 1.57 .50 1.43
185 1.66 1.46 1.31
{b) Input Energy E;
452 2.46 2.23 2.02
105 2.11 2.06 2.03
185 2.29 2.22 2.14
(c) Damping Energy E;
452 1.75 1.77 1.71
105 1.60 1.63 1.65
185 1.76 1.74 1.77
(d) Hysteretic Energy E;
452 3.27 2.59 2.22
105 2.67 2.50 2.45
185 2.91 2.94 3.01
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Table 6.6 Statistical Results of Maximum Displacement Ductility for
SDOF Systems Subjected to Low, Intermediate, and High A/V
Ground Motions Scaled to a Common Peak Veloclity of 0.6 m/s

Low A/V Intermediate A/V High A/V

Mean Meanto COV Mean Mean+og COV Mean Meant+o COV

0.47 10.35 13.75 0.33 12.25 15.58 0.27 9.03 11.15 0.23
1.20 6.96 8.73 0.25 7.00 9.19 0.31 3.64 4.97 0.37

2.0! 4.47 6.03 0.35 4,00 5.24 0.31 2.07 2.92 0.4)

Tabie 6.7 Ratios of Mean Maximum Displacement Ductilities for SDOF
Systems between Two Peak Ground Velocity Levels of 0.6 and

0.4 m/s
Period Low A/V Intermediate A/V High A/V
0.47 1.86 1.73 1.50
1.20 1.68 1.63 1.42
2.01 1.56 1.52 1.38
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Table 6.8 Comparison of Mean Overall Displacement Ductility with Ratio
of Mean Elastic to Inelastic Base Shears for V = 0.4 m/s

Low A/V Intermediate A/V High A/V
Frame
My Rg My Ry Y Rg
451 4,31 2.13 6.08 2.71 6.36 3.89
452 3.37 1.73 4.13 2.67 3.89 3.01
10S 2.55 2.18 2.72 2.25 1.89 1.79
18S 1.91 1.86 2.02 1.74 1.26 1.33

Global Displacement Ductility

Ratio of Elastic to Inelastic Base Shears



Table 6.9 Statistical Resuits of Elastic Input Energy for 451, 452,
105 and 18S Frames Subjected to Low, Intermediate, and
High A/V Ground Motions Scaled to a Common Peak Velocity

188

of 0.4 m/s
Input Energy E; (cm/sec)z
Low A/V Intermediate A/V High A/V

Frame

Mean  Meant+o COV Mean Mean+o COV Mean Mean+o COV
451 177 2192 0.86 3299 5334 0.62 5547 8760 0.58
452 2772 5065 0,83 7444 10709 0.44 7613 11756  0.54
105 6933 12080 0.74 8253 11522 0.40 4899 7849 0.60
185 5131 8799 0.7l 5527 7954 0.44 2943 4353 0.48

Table 6.10 Ratios of Mean Inelastic to Elastic Input Energy for V=0.4 m/s

Frame Low A/V Intermediate A/V High A/V
454 1.34 1.38 0.98
452 1.13 1.01 0.82
1CS 0.85 0.93 0.88
185 0.94 1.02 0.96
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Fig. 6.9 Mean and Meant+g Values of Maximum Displacement Ductitity Demand
for SDOF Systems Designed Based on NBCC 1985
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Fig. 6.11 Comparison of Design Storey Shears with Mean Values of Haximum
Inelastic and Elastic Dynamic Storey Shears for 451, 452, 105,
and 185 Frames
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Fig. 6.11 (c0qt'd) Comparison of Design Storey Shears with Mean Values of
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452, 105, and 185 Frames
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Fig. 6.11 {(cont’d) Comparison of Design Storey Shears with Mean Values of
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CHARTER 7

SIMPLIFIED ANALYS!S PROCEDURE

7.1 Introduction

In the preliminary stages of design, it is desirable to evaluate
the relative merits of various design alternatives and the relative
effects of different earthquake excitations. The use of sophisticated
nonlinear dynamic analysis computer programs for such an evaluation may
be economically infeasible because of the high costs invoived. Therefore.
it is desirable to use simpiified analytical models that will result in
reliable estimates of inelastic deformational demands for building
structures. Two simplified analytical models have been used in the
previous studies for the inelastic dynamic analysis of building
structures. One is the inelastic shear beam ideal ization of a building
structure (2}, and the other is the representation of a buliding
structure by an equivalent inelastic SDOF system (76). Both simplified
models only provide information ragarding the overall inelastic response
of a building structure.

In this chapter, a simpiified analysis procedure is proposed to
estimate both overall and localized inelastic deformational demands for
building frames. The applicability of this simplified analysis procedure
is evaluated for frame structures having different number of storeys and
for earthquake ground motions having different freguency characteristics.
The evaluation is based on a comparison of the inelastic deformational

demands estimated from the simplified analysis procedure with the
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statistical results of the inelastic dynamic analysis performed in

Chapter 6.

7.2 Simpitfied Analysis Procedure

Fig.7.1 shows a schematic illustration of the simplified analysis
procedure proposed in this study. This procedure involves two inelastic
static analyses of the original frame structure and one inelastic dynamic
analysis of the transformed equivalent inelastic SDOF system. First, the
frame structure is transformed into an equivalent inelastic SDOF system
based on an assumed deflection shape and the force-deformation behaviour
of the frame subjected to monotonically increased lateral loading. In
this transformation, it is implicitly assumed that the deflected shape of
the frame remains relatively constant during large amplitude inelastic
response. Secondly, the maximum inelastic responses of the derived SDOF
system subjected to different earthquake excitations are obtained from
inelastic dynamic analysis. The statistical result of the max i mum
inelastic responses of the equivalent SDOF system combined with the
assumed deflection shape provides an estimate of the roof displacement of
the original frame resulting from the same earthquake excitations.
Finally, the overall inelastic deformations at storey levels and the
locatized inelastic deformations in the structural members are estimated
for the frame based on an inelastic static analysis in which the laterai
loading is increased monotonically until the roof displacement of the

frame reaches the value obtained from the SDOF analysis.
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7.3 Equivalent Inelastic SDOF System

The first step in the proposed simplified analysis procedure is to
convert an actual multistorey frame structure into an equivalent
inelastic SDOF system. Two approaches for modelling a multistorey frame
as an equivalent SDOF osciilator are investigated fn this study. The
First model is based on the first Ritz vector taken as the def lected
shape of the frame subjected to distributed lateral loading. This model
is referred to as SDOF-i. The second model Is based on the first mode
shape of the frame and denoted as SDOF-2. The detailed derivation of the

two SDOF models is gliven below.

7.3.1 SDOF-1_Model

In this model, a MDOF system is transformed into an equivatlent SDOF
system using the first Ritz vector. The first Ritz vector is taken as the
displaced shape of a multistorey frame resulting from the application of
lateral loading which is distributed over height in accordance with the
NBCC 1985 distribution formuia. The propertiies of the equivalent SDOF
oscillator are related to those of the original MDOF system based on the
derivation by Biags (17). This mode] was modified and extensively used
for the analysis of reinforced concrete structures by Saiidi (76).

Rased on the derivation by Biggs (17), the equation of motion for
the equivalent SDOF system representing a frame is given by

MX + CX + FolX) = - Myl (7.1}
n

n
(izl mi¢€ / f Imi*i ) M o= equivalent mass;

where He

3
i

mass at level i

235




¥ = ordinate of the first Ritz vector at level i;
n = total number of levels;

Ht = total mass of the frame;

C = damping coefficient;

Uq = ground acceleration;

Fe(X) = equivalent restoring force;

X = relative displacement of equivalent mass.

The equivalent mass is located at an equivalent height Le above the base.

The equivaient height L, is given by

n
L myh
i=1 iviti
L, = (7.2)
n
I my
i=1 i¥i
where h, = height of level i above the base. The equivalent SDOF modei is

i
shown in Fig.7.2.

The storey displacements of the frame resulting from the NBCC 1985
lateral loading are normalized with rescect to the top-level
displacement. The normalized storey displacements form the first Ritz
vector (¥). The computed first Ritz vectors for the 452, 10S, and 188
frames are shown in Table 7.1.

The skeleton curve for the bilinear force-deformation relationship
of the nonlinear spring in the equivalent SDOF system is determined from
the inelastic static analysis of the frame subjected to monotonically
increased lateral loading. The lateral loading is distributed over height
based on the NBCC 1985 distribution formuta. In the inelastic static

analysis of the frame, X is taken as the lateral displacement at the
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equivalent height of L, above the base, and F, is taken as the base
overturning moment divided by L., The computed F, vs. X curve resulting
from the monotonically increased lateral loading 1s shown in Fig.7.3 for
the 105 frame. This curve is ideallzed as a bilinear curve as indicated
by the dashed line. The resulting y!-ld displacement and force
corresponding to the preakpoint are denoted as xy and (Fe)y' The ratio of
the post-yielding slope to the fnitial slope of the idealized bilinear
primary curve is designated as p.

The M., L,. (Fglys ¥y. and p values obtained for the 452, 105, and
185 frames are shown in Table 7.2. The damping coefficient for the
equivalent SDOF system is taken as 5% of critical. This damping ratio |s
the same as the assumed first modal damping ratio of the origfinal MDOF
system. The roof displacement of the MDOF system 1Is related to the

displacement of the equivalent SDOF system by

8= (¥ /¥, ) X (7.3
where § = roof displacement;
¢e = ordinate of the {y) vector at equivalent height L,:
*n = ordinate of the {¢) vector at top level.

7.3.2 SDOF-2 Model
In this model., @ MDOF system is converted into an eauivaient SDOF
oscillator using the first mode shape. The equation of motion for the
original MDOF system is given by
[MI{U} + [CI(G) + (R} = - [H]{r}UE {(7.4)
where (u} = relative displacement vector;

[M] = mass matrix;
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[C} = damping matrix;

{R} = restoring force vector;

{r} = a vector relating structural degrees of freedom to
ground mot fon;

1% = ground acceleration.

Assuming that the displacement response is dominated by the first mode
({ul={#}Y,), Eq.(7.4) can be transformed to the first modal coordinate

Y, as foliows:
MY ey + i) + (8)7HR) = = Tt (1.5)

where (¢} = the first mode shape vector;

"I = {¢}I[H]{¢) the generalized mass for the first mode:

{¢)T[C][¢] = the generalized damping for the first mode;

= (4] (MI{r).

]
i

Eq.(7.5) can be written as
MY L) + Y ety + RiCY(E)) = - T (7.6)

where Rl(Yl(t)) = (¢}T[R} = the generalized restoring force for
the First mode.

The first mode shapes obtained for the 452, 105, and 185 frames are
normalized with respect to the top-level displacement. The normalized
mode shape vectors for the 452, 105, and 185 frames are shown in Table
7.3.

The reiationship between R, and ¥, are assumed to be bilinear in
the inelastic dynamic analysis of the equivalent SDOF system. The primary
curve is determined frcm an inelastic static analysis of the original
frame subjected to monoiun ‘. increased lateral loading. The lateral
loading is distributed ove: . ¥* in accordance with the NBCC 1985

distribution formula. The la eral strrey displacement vector {u) and the



restoring force vector {R} resulting from the monotonical ly increased
lateral loadlng are converted to the first modal displzcement Y| and
restoring force Rl as follows:

Y

1]

(47 {u) (7.7a)
() (R} = ()7 (P) (7.76)

R,

where (P} = the applied lateral load vector in the inelastic static

n

analysis. The relationship between RI and Yl resulting from the
monotonically increased lateral loading for the 105 frame is shown in
Fig.7.4. This calculated curve fs idealized as a bilinear curve as
indicated by the dashed line. The resulting R| and Y, values
corresponding to the breakpoint are referred to as the first modal yvield
force and displacement, and they are denoted as (Rl)v and (Yl)y. The

ratio of the post-yielding slope to the initial slope of the idealized
bilinear curve is designated as p.

(R

The values of HI. T (Yl)y' and p obtained for the 452,

1’ 1y?
105, and 185 frames are shown in Table 7.4. In the inelastic dynamic
analysis of the equivalent SDOF system, the damping coefficient is taken
as 5% of critical. Since {¢} has been normalized to have unity at the

top level, the YI value computed from the inelastic dynamic analysis is

numerically equal! to the estimated roof displacement.

7.4 Evaiuation of Simplified Analysis Procedure

The mean values of the maximum roof displacement estimated from the
two SDOF models are shown in Tables 7.5 and 7.6 for the two peak groufu.
velocity levels of 0.4 and 0.6 m/s, respectively. included in the same

tables are the mean values of the maximum roof displacement obtained fFrom
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the inelastic dynamic analysis of the MDOF models of the frames. It can
be seen that both SDOF models provide reasonably good estimates of the
max imum roof dispiacement for the frames. The errors resulting from the
use of the SDOF models are within 20%. Furthermore, it can be observed
that the maximum roof displacements estimated from the SDOF-2 model are
higher than those from the SOOF-1 model in a consistent manner. The
max imum roof displacements estimated from the SDOF-1 mode} are generally
closer to those obtained from the MODOF model than the SDOF-2Z model.
Therefore, the S$DOF-1 model provides a better estimate for the maximum
roof displacement. However, considering the approximate nature of the
SDOF ideal ization, either model may be considered satisfactory.

For the maximum roof displacement estimated from each of the two
SDOF models, an inelastic static analysis is performed for the frame to
estimate the overall inelastic deformations at storey levels and the
localized inelastic deformations in the structural members. For the roof
displacement estimated from the SDOF-1 model, the lateral loading in the
inelastic static analysis is distributed over height in accordance with
{v}. The distribution of the lateral loading is based on {¢) for the
roof displacement estimated from the SDOF-2 model. In the inelastic
static analysis, the lateral loading is increased monotonically until the
roof displacement of the frame reaches the value obtained from the SDOF
analysis.

The overall and local inelastic deformations obtained from the two
inelastic static analyses associated with the two OSDOF models are
compared with those obtained from the inelastic dynamic analyses of the

MDOF models in Figs.7.5 to 1.7 for the 452, 10S, and 185 frames,
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respectively, This comparison !s made for the three separate A/V groups
of earthguake ground motions scaled to the two peak ground velocity
levels of 0.4 and 0.6 m/s. On the basis of the comparison shown in
Figs.7.5 to 7.7, the following observations can be made:

(1) For the maximum storey displacements, the simplified analysis
procedure provides adequate estimates for al! the frames considered and
for all three A/V groups of earthquake records.

(2) For the interstorey drifts, the use of the simplified analysis
procedure results in good estimates for the 452 frames subjected to all
three A/V groups of earthguake records. However, the simplified analysiy
procedure becomes less adequate with an increase in the number of
storeys. For the 185 frame, the simplified analysis procedure gives
reasonable estimates of the interstorey drift in the lower storeys, but
it grossly underestimates the interstorey drifts in the upper storeys.
This underestimation becomes particularly pronounced for the high and
intermediate A/V groups of ground motions. The interstorey drifts
obtained from the inelastic dynamic analysis can be more than twice as
large as those estimated from the simplified analysis procedure.

{3) The beam curvature ductility demands estimated using the
simplified analysis procedure compare favourably with those obtained from
the inelastic dynamic analysis for the 452 frames. For the 105 and 185
frames, the simplified analysis procedure produces reasonable estimates
of beam curvature ductility demand in the lower storeys, but it tends to
underestimate the beam curvature ductility demands in the upper storeys.

(4) For the columns in the 452 frames, the simplified analysis

procedure provides reasonably good estimates of the curvature ductility
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demand except at the first and second storeys where the simplified
analysis procedure tends to underestimate the curvature ductility demands
particularly for the increased peak ground velocity level of 0.6 m/s. In
the case of the 105 and 185 frames, the use of the simplified analysis
procedure results In reasonable estimates of the curvature ductility
demand in the lower storeys, but it tends to underestimate the curvature
ductility demands in the upper storeys. This is particularly true for the
interior columns. The underestimation is particulariy pronounced for the
high and intermediate A/V groups of earthquake ground motions.

It is clear from the above evaluation that the reduction of a
regutar multistorey frame to an equivalent SDOF system {s capable of
estimating the maximum roof displacement of the frame. The simplified
analysis procedure produces good estimates of both overall and local
inelastic deformations for low rise frames (say lower than 10 storeys)
subjected to earthquake ground motions having different A/V ratios. The
success of the simpilified analysis procedure for low-rise frames results
from the fact that the contributions of higher modes to their inelastic
dynamic responses are insignificant. For high rise frames, the maximum
storey displacements can be estimated reasonably well by the simplified
analysis procedure. However, the simplified analysis procedure grossly
underestimates the interstorey drifts in the wupper storeys. The
simplified analysis procedure also underestimates the beam and column
inelastic deformations in the upper storeys. The relative success of the
simplified analysis procedure to estimate the maximum storey
displacements for high~rise frames 1is attributable to the Ffact that

higher modes have relatively insignificant contributions to the maximum
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storey displacement response even for high-rise frames. By contrast,
higher modes have very significant contribution to interstorey drift and
member inelastic deformations which are directly related to member
bending moments, as discussed in Chapter 6. The simplified analysis
procedure clearly fails to account for this higher mode contribution
because it 1s based on an Inelastic static analysis for estimating the
distributions of interstorey drift and member inelastic deformations.

[t is of interest to compare the energy per unit mass imparted to
the MDOF models of the frames with that imparted to the equivalent SDOF
systems. Since the SDOF-] model is a physical idealization of the MDOF
model, a direct comparison is made between the input energy for the MDOF
model and that for the SDOF-1 model. Figs. 7.8 to 7.10 show such
comparisons for individual earthquake records for the 452, 105, and 185
frames, respectively. For each frame, two peak ground velocity levels of
0.4 and 0.6 m/s are considered. It can be seen that for the 452 frames
{(Fig.7.8), the input energy per unit mass estimated from the SDOF-1 model
is very close to that obtained from the MDOF model for both levels of
peak ground velocity. However, this correlation becomes weak with an
increase In the number of storeys. For the 185 frame (Fig.7.10), most of
the data points corresponding to the individual earthquake records
scatter away from the 45 degree line. The weaker correiation of the input
energy between the MDOF and the SDOF-1 models for the 185 frame is
clearly due to the effect of higher modes, and this is consistent with
the relatively poor performance of the simplified analysis procedure for

the 185 frame.

The hysteretic energy per unit mass for the MDOF model is also
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compared with that for the SDOF-1 model in Figs. 7.1l to 7.13 for the
452, 105, and 185 frames, respectively. Again, the hysteretic energy for
the SDOF-| model is very similar to that of the MDOF model for the 452

frames. However, the correlation becomes poorer for the 185 frame.

7.5 Summary

A simplified analysis procedure i{s proposed to estimate both
overall and localized inelastic deformations for regular building frames.
The procedure consists of two inelastic static analyses of a frame and
one inelastic dynamic analysis of an equivalent inelastic SDOF system.
First, a frame is converted into an equivalent SDOF system based on an
inelastic static analysis of the frame. Secondly, an inelastic dynamic
analysis 1is performed for the equivalent SDOF system subjected to
earthquake excitation., The computed maximum displacement of the
equivalent SDOF  system provides an estimate of the maximum roof
displacement of the original frame. Finally, the overall and localized
inelastic deformations of the frame are estimated from an inelastic
static analysis in which the lateral loading is increased monotonicaily
until the roof displacement of the frame reaches the value obtained from
the SDOF analysis. Two approaches of modelling a multistorey frame as an
equivalent SDOF system are considered. One is based on the first Ritz
vector, and the other is based on the first mode shape.

The accuracy of the simplified analysis procedure s evaluated
based on the statistical results obtained from the inelastic dynamic
analysis of the MDOF modeis of the frames. On the basis of this

evaluation, the following conclusions can be drawn:
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(1) The two equivalent SDOF models examined {n this study provide
satisfactory estimates of the maximum roof displacement for frames having
different number of storeys and for earthquake ground motions having
different A/V ratios.

(2) For low-rise frames, the simplified analysis procedure produces
good estimates of both overall and localized Inelastic deformations for
earthquake ground motions having different A/V ratios.

(3) For high-rise frames, the simplified analysis procedure results
in reasonable estimates of the maximum storey displacement. However, the
simplified analysis procedure grossly underestimates the interstorey
drifts in the upper storeys. This underestimation is particularly
pronounced for high and intermediate A/V ground motions. The beam and
column inelastic deformations in the upper storeys are also
underestimated by the simpiified analysis procedure,

{4) There is a close correiation of the input and hysteretic eneragy
per unit mass between the SDOF-1 and MDOF models for low-rise frames.
Therefore, the SD0F-1 model may be used to estimate the energy per unit
mass imparted to and the hysteretic energy per unit mass dissipated in a
low-rise frame. For high~-rise frames, there is no consistent correlation
of the input and hysteretic energy between the SDOF-1 and MDOF models.

It is suggested that the simplified analysis procedure be used for
regular building frames having number of storeys lower than 10. For high-
rise frames, the simplified analysis procedure may be used to estimate
maximum storey displacements. The interstorey drifts and member ingiastic
deformation in the lower storeys may also be estimated by the simplified

analysis procedure.
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Table 7.1 Normalized Deflected Shape Vectors Used in SDOF~1 Model

Storey Leveli 452 109 185
18 1.000
17 0.980
16 0.949
15 0.909
14 0.863
13 0.8t1
12 0.758
(B 0.705
10 1.000 0.649
9 0.957 0.588
8 0.883 0.522
7 0.786 0.450
6 0.677 0.375
5 0.563 0.299
4 1.000 0.437 0.222
3 0.844 0.304 6.148
2 0.580 0.178 0.083

1 0.275 0.066 0.030
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Table 7.2 Properties of Equivalent SDOF Systems Based on SOOF-1 Model

Frame He (xloa kg) L, (m) (Fely (KNY  (up)y (mm) p {%)

4521 420 10.39 1090 14.3 3.21
4521 420 10.39 1167 15.5 3.15
452H 420 10.39 1278 16.2 3. 11

105 1020 24.36 1491 54.4 2.42

185 1827 43.01 1788 103.6 1.84




Table 7.3 Normalized First Mode Shape Vectors Used in SDOF=-2 Model

Storey Level 452 105 185
18 1.000
17 0.974
16 0.933
15 0.882
14 0.826
13 0.76l
12 0.693
11 0.629
10 1.000 0.560
9 0.948 0.490
8 0.865 0.422
7 0.765 0.354
6 0.652 0.289
5 0.538 0.231]
4 1.000 0.416 0.173
3 0.817 0.293 0.120
2 0.533 0.180 0.072
| 0.228 0.072 0.028
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Table 7.4 Properties of Equivalent SDOF Systems Based on SDOF~2 Model

Frame M, (xm] kg) T, (xll:i3 kg) (Fl), (kN) (Yy)y (mm) P (%)

452L 264 343 845 17.2 3.19
4521 264 343 900 18.8 3.26
452H 264 343 991 20.3 .25

105 571 775 1100 71.9 2.80

185 919 1283 1255 143.8 1.94
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Table 7.5 Comparison of Maximum Roof Displacements {mm) Between MDOF
Model and SDOF Models for V = 0.4 m/s

Frame MDOF SDOF-1 SDOF -2
Low A/V
452L 35.5 34.3 37.7
105 138.5 145.5 154.3
185 223.0 243.5 261,1

Intermediate A/V

4521 49.8 53.3 56.9
10S 147.4 157.9 166.9
185 235.2 232.6 245.8

High A/V

452H 56.8 58.8 63.5

10S 102.7 103.8 109.6

185 146.6 131.0 141.2
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Table 7.6 Comparison of Maximum Roof Displacements (mm) Between MOOF
Model and SDOF Models for V = 0.6 m/s

Frame MDOF SDOF -1 SDOF -2
Low A/V
4520 60.2 66.1 72.2
108 217.5 235.4 245.8
185 370.3 i8l.8 409.7

Intermediate A/V

4521 82.1 83.7 91.1
10S 221.7 243.7 260.0
185 342.7 345.6 371.6

High A/V

4S2H 84.7 92.1 98.5

105 147.1 153.0 162.0

185 191.8 193.5 208.5




Fig.
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7.1 Schematic lllustration of Simplified Analysis Procedure



253

Equivalent Mass ,
N

N C

—1— \ Me
/Fe(x)

Inelastic Spring

Maossless

3 //// Rigid Bar

Iz ////Q////////////////////////

Fig. 7.2 SDOF-1 Model




254

2000

1500 7
1000 /

EFFECTIVE FORCE (KN)

0 100 200 00 400 S00 600 700

DISPLACEMENT AT EFFECTIVE MASS CENTER (MM)

X

Fig. 7.3 F_vs. X Primary Curve Resulting from Monotonically Increased
Lateral Loading and [dealized Bilinear Curve for SDOF-| Model
(105 Frame)



1600
-——'-___-‘
s w—
= ——:4:————:r=:===71"- -
¥ 1200 ﬁ_-_—;:":-_ =
W I/
() i A
o 1}
1/
—
oZ _, 000 .
b=
a
o
- /
}_
W
0 400
Lo |
u- /
o/
] 200 400 600 000

FIRST MODAL DISPLACEMENT (MM)

Fig. 7.4 RI vs. Y, Primary Curve Resulting from Monotonically lIncreased
toading and ldealized Bilinear Curve for SDOF-2 Model

Lateral
(10S Frame)

Y

255



256

14T40 A3YOLS

saweuy ZSy 40) SISA|BUY D(WRUAQ di1jse|au] 4
PUB 34Npadodd SisA|euy palj||dujS UIIMIaQ SJ313WeIBH 25UodsSay 40 com_._ma.wmu 't 61y

sJ3jaweldeyd asuodsay Aauols (e)

L4THG A3¥0LS

1-7y¥0 A3d0LS

T3A37 A3Y0LS

0TG" 800" 900° ¥00* 200° oT0® 800" 900 Y00 200° 0 pTO® 806°* 900° ¥00* 200" 0
s/w 90 " sw 90 0 =A o shu 90
E | 1 1 - - ER)
(=) f (=]
) ) # ﬂ 0
m \ \ m
£ o - 42
__._|._ r
< m 2~-4008 --------- .
2-40CS ~ r 1-4008 =———"
J00W
T-300S A/ MO
300W J 1y
A/Y HIIH A/Y *HILINI
{ WW) LN3W3IJU4SIO ( WW) IN3W3JU4SIO (WH ) LN3W3EdSIO
00T 08 09 0y 02 00T 08 09 0% 02 0 00T 08 09 0r 02 0
2-400S +-=------ 2-3005 +--=---~-
1-4008 - ———- e 1+ 9 1-4008 -———- P 112
300K 7 = 400W 7 =
A/Y HOTH o L m A/t "HILINI < m
5% 7 12 = 7270 12 =
s \\s — \.\\ \. —
- - m 2 ’ m
< % 1e @ < 7 lg/m
~__._. \\ -H.s - _._._. _.H r
S/ N/ / ;A
R . f ! - V . [l o - V
sw 90 vO= A yw 90 V0 =

13A37 A3YOLS



257

saWeJd4 26y 404 S)sA|Buy JjweUA(] 2]3Se{auj JOOR Pue 3JNPadoUd
SjsA|euy pals| QWIS UIINIIQ S133WELRd ISUOdsIY JO uos|dedwo) (p,3uod) G°L 514

sJajauweled asuodsay weag (Q)

L=

ALITILING FUNLYANND ALITILONG 3dNIHANND ALITILING 3¥NLYVANND
0T 8 9 ¥ 2 0 01 8 E y 2 0 01 8 9 y 2
" sw 90 70 =A "
4T n.IU— b 471 m -
m M
{2 < {2 = -
m m
m  2-400S -------- M
iem  1-1008 -———- 18 ¢ ]
400K
Jy SWU3d 4y J

A/d HIIH A/d “Y3LINI A/9 MOT

J3A37 A3¥0ULS



O
[Ty ]
™
ALITILING JHNLUANND
21_or 8 8 v 2 0
sjw 90 PO=A ]
2-400S -------- I
1-4008 ~———-
400K :
SNWNT0J ¥OTYILNI
A/H HSTH ]
ALIIILONG FHNLHANND
21 0T 8 0
sfw 90 VO=A .
2-400S -------- ’
1-4008 -———-
300K ]
SNWNI0J HOI¥3LX3
A/g HIOTH 4

sawadq{ ZSp JO3 S|sA|BU

3A37 A3YOLS

T3IAIT AJUOLS

§4933WwalBd asucdsay uwn|o) {2)

ALITTLONG 3¥NLHAEND
2T 0T 8 3 ¥ 2

2-400S --------
1-400§8 -———-
400K
SNWN102 ¥OIHILNI
A/d "¥3INI

ALITILONG 3dNLUAYND

2T 07 8 9 ¥ 2

m\ch 0
2-4008 --------
T-4008 -~ ———-
4000 —m
SNWNT0J2 ¥0TYW3LX3

A/d *¥3LINI

v OjweuAg 2}3se|aul JOOW Pue 31npadoud
s1sA|Buy Pald||CW}S UIIMIBQ SJ93BWEIE] F5UODSIY JO UOS|.

edwo) (p,3u0d) s °6id

73A37 A3¥0LS

73A37 AYWOLS

ALITILONG FdNLlHAEND

2T 0T
m\E o0 YO
2-4008 ---=-----
1-4008 -———-
400W
SNWNI0J HOIYILNI
A/d M0

ALITILONGO 3¥NLYAYUND
21 0T 8 ] ¥ 2 0

—

yw 90 ]
2-400§ --------
1-4005 ~———-
400K .
SNWNTI023 d0IH3LX3
AJH RO5 J

q3A37 A3d01E

q3A37 A3YW0iS



awed4 SO0l 404 sisAjeuy djweuiq 213se(au] JOQH
pue 3.npadold S}SA|BUY PIJ| WIS UIIMIIQ Sl3jBweded asuedsay JO uos|Jecwo) 9y ‘Bl

o
Ty
o
sJajaweled asuodsay Aado0ls (e)
(WH) IN3W33UdSIA (HW ) LN3W3J291dSIa (WW ) LNIKIZE4SIO
Q0E 0%2 o002 OST 00T 0S5 0 g0E 062 omm om._. 001 05§ 0 00€ 062 002 O0ST OooT 0S 0
2-d400s§ -------- 2-4008 -~------ 2-4005 --===-==-
1-4005 - ———- T-4005 -~ ———~ 1t 1-3005 -———- 1
JOOW JOOW ——— 400K
A/d HIIH A/g "H3LNI 5 A9 MO .
it 1¢
3 1y 4 14
o o
T X
m m
- 45 =< 44
— r
m m
m m
~ 19 — 19
_‘\
F
: ! 1¢ 1¢
qs___ —- ]
-_— \ 18 h_- 48
[} i
__. ! __.
-- ~ 16 f m <46
] |
b ot L ;oa
9" s/ 90

13A37 A3¥0LS



aweJld SO JO4 sysA|euy djweuig 3}3se(aU] JOQW PUE 3INpP320.d

260

14740 A340lS

0tT0® 800" 900° ¥00" 200°

yO=A

J040W
A/d HIIH

oT

q3A37 A3Y0LS

S|sAleuy pa|i}|duis uaaIMl3G SJajawedeyd asuodsay JO uosjledwo) (P,3U03) 9°t *6}4

sJ93aweled asuodsay £9403S (R)

14T¥0 A3YOLS LJIN¥O AROLS
070 800° 9%00° ¥00* 200° 0 0T0* 800° 900° Y0O0* 200°
sju
J I |
s
\s\\
S 12 ._ .
f !
' it : -
y ,_
Vo 0 \
YA\ 1r a3 : :
4‘ : —.ﬁ_
..:I-/ nm bt -
. rr
> m
ls & |
S rr
lh o
._w p
2-400S --------- 2-200S
400w Bletal¥
A/Y "M3IINI lot |

0T

73A37T A3YHOLS



awel4 SOI 104 SiSA|BUY DJWBUAQ D}3SE|aU] JOQW PUE 3INPad0.g
SIsA{euy pajl}|du)S UaaM)aG S1933WBIBJ ISUOASIY JO LOS[JIBDWO) (P,IUcd) 9°; °6j4

261

sJajsweled asuodsay wesg (q)

ALIILONO 3uNLDAYND ALTIILING 3HNLYAEND ALITILI3NO 3YNLUAHND
) 8 9 ¥ 2 i 01 8 9 ¥ 2 0 01 ] g ¥ 2
s/w 90 5 :
/u _ I /w 9°0
| .
| !
. 12 "
1 _ 1
Vo \
.; / - n ar /
I‘/

J3A37 AJYWOLS
w
A3A37 A3Y0LS

-
2-300S ------~- 2-400S -------- 8 2-400§ -------
1-4008 -———- 1-400§ ————- T-400§ -———-
300H 400H {6 400M
SWH38 SWg38 SHU38
A8 HITH A/Y *HILNI Jot A/H MO

13A3T AJYOLS




262

awelj SOI 40} SisA|euy Djweuk(g J}3ISEB|aU] JOON Pue ainpadold

s1sA|BUY pPa}4|dw)S UaaMNIEQ SJ3BWRIEd asuodsay Jo uosjaedwo) (p,3ucd) 9 64

ALIIILING FYNLBANUND
g8 ¢ 9 & vy €& 2 1

A

e

{f 90 FO0=A

400K
SNRWNT02 ¥0I¥3LIX3
A/H HIIH

i

ot

73A37 AYOLS

sJajawe.led asuodsay uwn|o) (I)

ALINILING 3UNLUAYUND
L 9 & 2

-
(]

8
e

SNHNT0J
A/d

¥OIH3LX3
“¥3INI

13A37 AJYWOLS

4004
SNWNI02 ¥0IH3LX3

ALITILONG FUNLYANND

LIE

g ¢ 9 & % £ 2 71

A/d MO

o1

Q3A37 A3YWOLS



263

awely SOI J03 SISA[BUY JjweukQ D}3SBIAU] JOQN Pue aJnpadold
s1sA|BUY Pa}J]1dulg UIBMIAQ s1913uBJed 9SUCDSIY JO UOS|JBAWO) (p,3uo2) 9L 614

sJo3aweled asuodsay wun|o) (J)

ALITILING 3dNLBAYNAD ALIIILING 3H¥NLUAHND ALITILOND 3¥NLCAYNI
g ¢ 9 &5 v € 2 1T 0 thm.nmao g ¢ s s v £ 2 1
\ {7 \ {1 :
s/ 90 FO=A sfu 90 siu 90

w 477
1y 3 1y S
| (] Q
Hi 2 2
1 ~< 48 <
m T
= 2
# {3 @ s m
N 3: 4L
‘ 48 18
2-4005 -------- i 2-400§ --=---=" 2-3005 -==-=-=-
1-3005 -———- _ 1-4005 ~———~ 14005 -———-
400 16 400 — 16 JO0H
SNWN0D HOIW3LNI \ SNWN0J HOTHIINI \ SNWN0J HOIN3ILINI
A7d HITH \io A/8 *u3IINI \ye A/Y KO \ |

73A37 A3YO0LS




awedy 91 JoJ SIsSA|BUY DJjweuk(] D{3seiau] J00KW
PUR 2uNPadold SiSA|BUY PI|J| |duiS UsaM]aq slajaweled asuodsay Jo uosjieedwe) L°f "6)4

264

sJtajaweled asuodsay AsJolg (B)

(WW) IN3W3IL1dSIO (WH) INIWIOYI4SIO (WH) LIN3W3DYdSIC
omM| cm- amn cmm oma ] omm cmv omm omm oma 0 cmm omv omn oﬁm owa 0
2-400S -------- 2-3008 ------~-- 2-400S --------
1-3008 ~———- T 1-4005 -———- T 1-4005 ~———-
J00W 2 400w 5 400K
A/Y HITH A4 *Y¥3LINI A/8 807

T

[
[-2]
T3IA3T AJHOLS

o
T3A37T A3H0LS
-]

01 0T
17 17
21 27
£T £T
12 A :
I
[)
' ST 57 !
]
/ 9T ! 97 !
] ' ]
“ 1 T
K IA ! Jas H
] ] )
Ju o0 ro=A J\e% o ._
w Y 0=

[} [\Y] — o 2] -] [
4 -y - -t
T3A3T A3H0LS

-
-4

ST
5T
A
87



aweldd S8l Lo“m‘w_mx_m.w_‘q S1weuig 2i3se|
s|sAfeuy pajj}dus usan3aq s1310uRiBd 95U0dsay

u
V)
N
14T40 A3H0LS
6TO" 800° °3p* GO 200° 0
A =siwoo ¥O
/ AL
7 4
12
q¢
4%
1
[ 45
3
H {9
'
' 4L
1
{8
16
40T
11
421
€1
14T
.. 48T
A
/w 491
\
2-40Q0s --------- L\ W R4
1-3006 -———- %
J00W <81
A/g HIIH

T3A37 A3Y0LS

$1939We1ed I5U0duaYy A3l1035 (B)

14740 A3Y01S

gTo® 800° 300" k0O° 200° 0
| p— T T T T
/ / 4
¢
¥ -
T i
Y
—; _/ |
]
2-4CJ5 .
1-4008 -~———-
JOdW -

A/Y *HILNI

o e N W W

73A37 A3YOLS

1T
2T

£T

ST
7
A

8T

U] 400N PUE 34NP3aJ0Jd
30 uosjaedwo) (p,3uod) L°L 614

14740 A3HOLS
oTe® B80D* 900° ¥00* 200°

G

m\E 90
g

J0aW
A/Y KO

L

87

13A37 AJd0LS




w0
@0
o~
ALITIING 3YNLBAEND
1)1 8 9 ¥ 2
A= n\E o0 ¥0
f 8
ol
!
:
]
i
|
_"“
il
1]
|
_.w
H
M
_ﬂ
,_
_—__
i
2-4008 ===
1-400§ ~———- ﬂ
400H 1
SWJ38
A/d HIIH _

suweld g1 Joj sisA|euy

13A37 A3™OLS

sJlajaueled asuodsay weag (Q)

ALINILING 3

0T 8 g

nigAadnd
¥ 2 0

A/d *H3LNI

81

u.Em.cxm_ o_wm.m_o_.; 100K pue 3a4npado.d
s]sA|euUy pajd)|duis udaMlaq sJtajaweded gsuodsay JO UOS|Jedwo) Au“.uMcou.w_ L't *614

13A37 AZNOLS

AlIILONG JHNLYAYND
(1] 8 9 Y 2
sfw 9
[ 99
V4

1-400§ -———-

400H
Swy38

A/E HOT

T3A37 A2W0LS



aue

267

ALINILONA 3HNLUAHNS

J00KW
SNWNT0D HOT¥3LX3
A/8 HDIH

14 S81 403 S1sSA[BU
s|sA|euy Pajj|dujs uasMlaq sJajoueded asu

3A37 A3HOLS

s19)5weled asuodsay wunio) (9}

ALINILING 3¥NLUAYND

Tw

0

J00W
SNWNTI0J HOTH3LX3
A/P "HILINI

\
\

73A3T A3YOLS

v JJweuAg o13se|au] J0aW Pue alnpadodd
odsay 40 uosjJedwo) (p,3uod) L°L *Bid

ALITLONT 3dNLHAYND

1-400§ -———-

400H

SNWN102 HOI¥3ILX3
A/Y KO

13A37 A3¥OLS



268

ALTILIND FUNLUA¥NI

2-400§ -~------

1-400§ -———-

400K

SNWNT02 HOINILNI
A/d HITH

J3A37 A3HOLS

sJ9jaweled asuodsay wwnto) (3)

ALITILONG 2HNLUANND
3 5 ¥

2-4008 --------
1-4005 -———-
400N
SNWNTOD HOTHIINI
A/Y *¥3INI

I3A37 A3dW0LS

awedq SgI JOoJ S}SA[Buy JJweUuAg 2}3sSe|suU] JOOH Pue 3anpadodd
S1SA|BUY Pa|J] QWIS UISM3aq slajaweled asuodsay JO UosiJedwo] (p,3uod) (L 614

AlITTLING 3¥NLBAYND

400w
SNWNT02 HOIMILNT
A/d KO1

£T

rt

ey ey

LT

M

o
f

q3A37 A3MOLS



0000t

269

sawe.dy Zsp JOJ S|9PON JOOW PUB [-J00S UIam3aq ABuaul

¢**(33S/WI) 400K

anduj Jo uosjdedwo) gL °"Bid

¢+*(J3S/W3) 400W

0000€ 00002 0000t % 00002 00051 00001 0005 0
T T _ T _ _
©
= ©
v
B =10000l (n B ; .
(2 =]
Wovs: =
Ao I_J o]
- M o000z 2 - % .
A v
~
v v w
m
2
»
*
B Ywop = A ~{ooo0e N B sfwyg=A .
v SaY0J3Y A/Y HI9IH =0T

SAY0IFY A/V VIGIWHIINT = ¥
SCY033d A/Y MO =0©

STd023d A/Y HOIH = O

STd0J33d A/Y JLVIO3IWE3INI
STd0J3y A/V MO
! ]

=V
= O

0000%

0005 (n
=
()
N
|
00001 m
~y
w
m
o
»
»
00051 MO
00002



270

0000y

aweiy 501 JO4 S|9PON 0O PUS [-300S Uaan}aq ABJaul 3ndu] 4o UOs|Jedwo) 6°L "Bty

¢**(J3S/WJ) 40CW

0000E

Qocoz ooool

[0
o s/w 90 = A

SQY0J3d A/Y HIOIH =0
SQd03J34 A/V ALVIOIWYIINLI = ¥
SC4d033d A/Y MO1.= 0O

1 i

o
=
=4
(=]
-~
S

poooz

0000E

oocor

i-400

G#*(J3S/WD)

ooqe

¢*»#(J35/WJ} 400W

ooosi 000st 00071 0006 000% 000€E 0
! I I 1 1 _ﬂﬂu
o]
&3
= B¢ -
..00
- a mu “1
A0
wrv @
Lo
- 12 g
o swyo=Aa
ST4d0234 A/Y H9IH =D
= STY0I3d A/Y 3LVICIAWHIINT = @
STY033Y A/Y MO =0
Lo | ! ! 1 I

Q00E

0008

00056

o000zl

0005t

DDEN

0oolz

1-40dS

¢ %(J35/W3J)



271

Slesd sgl 103 SISPOY JOOW Pue [-400S USaM3aq ABJau3z Indu] JO UOS|JedWO) Qf°f ‘64

¢»*(J35/WJ) 400K

00052 00002 00051 00001 0005 0
T T | T Y
g
n HheUs
o
o]
- v e%_ —{000s
8 340
4
(o)
v
— YovoLlo — 00001
vV g v
VvV v e
o}
v
— — 00051
o]
o)
v 1)
5 0=
-~ Q \Eoc A — ooooz
o STY0I3d A/V HIIH =0
SAY0I3Y A/Y IUVICIWHIINI = ¢
STY0JI3¥ A/Y MO =0
L L ! ! 0005z

1-d400sS

C**(J3S/KWI)

ooozL

¢**(J35/W3) 400NW

000t

0008

0006

0006 0009 000¢ 0
1 1 | mw
o ofn
B a
vB o m,
. v
. o] 0 -
v Q
Y V¢ o
v
v
v v o2y
o
~ fo} Qk:aﬂo =A 7]
STH0334 A/Y HY9IH =0
STd023Y8 A/Y 3IVICIWYIINL =¥
® S@d0234 A/Y MO1 =0
H 1 1

00021

|-300s

¢x*{J35/ W)



272

0000€

sawed 4

2S¥ 4OJ S|2poW JOOW Pue [-J00S US3MIBQ ABJau3l 2}334338AH 4O uosjaedwo) [[°f *Bi4

Z2#(335/WJ) JOQW

0000%

00001

W0 =A

SCd033d A/V HIIH =0
SAd4033d A/V JIVIGIWYAINI =¥
SIY0I3d A/Y MO =0

00001

00002

0oo00e

Z*»(J3S5/WJ) 1-400S

A

00051

00001

2(03S/WJ) J00W
0005

L

sfwy0 = A
GCd023d A/Y HIIH =0]
SIY0J3d A/Y 3ILVICIWHIINT =@
SI0YI3Y A/Y MO =0

0005

00001

00065!

1-40CS

C#x(J3S/ W)



273

Z2#(335/W2) 400K

00001

o000z

0000€ 0000% 00001 0
1 1 =
@] .@
v
- dmﬂu .
8
(o]
n.G
» J
/w90 =A
SA¥0I3Y A/Y HIIH =0
< SO¥033¥ A/Y 3LVIO3WY3INI = @
SC¥0I3Y A/Y MO1 =0
] ]

goooE

l-40ds

¢##(J35/WD)

0o0st

swely SOI JO3 S13PON JOQH PUB [-40QS U3aM3aq AB13U3 D139493SAH JO UOS|IBDWO) 2] °/ 6] 4

¢22(33S5/W3) 400W

0000t 000S

I . {

Op

s/w 70 =A
v
STY40234 A/Y H9IH =03
STYH0I3d A/V JLIVICAWHIINI =V
SEH023Y8 A/Y MO =0
L 1

0005

00001

00051

1-300d5

G**(33S5/WJ)



274

00051

SuWely S 0 S|SPON JOOW PUR [-40QS USaMIBQ ABuaug

Ze2(J3S5/WJ) JO0CKW
00001 0005 0
1 1 ol - 0
v ®
o]
a v
Q
v
v
= gv'/ © Hooos
v
g v 000
v
o] ¥ 0O
. -1 00001
©
Suwog =A
@e 540334 A/Y HIIH = O
SEY0I3Y A/Y JLVIOIWHIINI = ¥
STY0JI3Y A/Y MO1=0
I I 00051

1-400S

C#%(J35/ W)

oooe

2439433SAH JO UOs|uBOWO) E[°f ‘614

¢=»(J35/WJ)

0009 000Y

JOCW

4 1 1
' »

2 B
v

v ﬂﬂd

!

1

l

s/wpQ = A

© SI¥033Y A/Y HIOIH =01
SIH033Y A/YV 3ILVIGAWHIINI = ¥
cE¥0I34 AV MO =0

0002 0

000Z

000%

0008

0008

1-d0dS

¢*#(J35/WJ)



CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 Summary

The objectives of the present study were (a) to investigate the
effect of ground motion A/V ratio on the inelastic response of
multistorey reinforced concrete frame structures:; (b) to evaluate the
seismic performance of reinforced concrete frame structures desfigned in
conformance with current Canadian seismic provisions; and {c) to study
the possibility of using simplified analysis procedure to estimate both
overall and localized inelastic deformations for regular building frames.
To achieve these objectives, five different phases were involved in this
study. They were {(a) selection and analysis of an earthquake data set;
(b) design of typical reinforced concrete building frames; {c} static
analysis of the designed frames subjected to monotonically increased
lateral loading: (d) dynamic analysis of the designed frames subjected to
earthquake ground motions: and (e) development and evaluation of a
simplified analysis procedure. A brief summary of these five phases is
given below.

A total of 45 horizontal components of strong motion records were
selected to form an earthquake data set for this study. This data set
encompasses @ wide range of earthquake magnitude and epicentral distance.
The data set was subdivided into three groups representing earthquake
ground motions having low, intermediate, and high A/V ratios. The three

groups of earthquake accelerograms were analyzed to investigate the
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significance of the A/V ratic as a parameter to fndicate the dynamic
characteristics of earthguake ground motions. First, the correlation
between the A/V ratio and the #-R relationship was examined, In light of
this examination, the usefuiness of the A/V ratio to reflect information
regarding the relative frequency content and duration of strong shaking
for earthquake ground motions resulting from different seismic
environments was investigated. Finally, the correlation of the A/V ratio
with the more refined ground motion parameter of spectrum intensity was
studied.

Regular moment-resisting reinforced concrete building frames were
considered as structural models in this study. Three basic frames (452,
10S, and 18S) with four, ten, and eighteen storeys, respectively, were
designed based on typical material properties. These three frames modeled
reqular buildings having short, moderate, and long fundamental periods. A
special frame (451) was created from the 452 frame by increasing its
member stiffness. This special frame modeled a regular building having a
very short fundamenta) period, The frames were designed for combined
gravity and seismic effects, determined in accordance with NBCC 1985. The
structural members were proportioned and detailed to satisfy the
requirements of CAN3-A23.3-M84. For the 451 or 452 frame, three different
seismic design forces were used for the three different combinations of
acceleration and velocity seismic zones, whereas the seismic design force
for the 10S or 185 frame was independent of zonal combinations.
Therefore, the seismic design resulted in a total of eight frames (4SiL,
4511, 4S1H, 452L, 4S21, 452H, 105, and 185) having different amounts of

fiexural reinforcement for beams and columns.
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In order to provide background information for the evaluation of
the Inelastic dynamic response of the designed frames to earthqueke
ground shaking, the inelastic behaviour of the designed frames subjected
to monotonically increased lateral loading was studied first. The lateral
loading was distributed over the height of the frames in accordance with
the NBCC 1985 distribution formula. The inelastic behaviour of the frames
under monotonically increased lateral loading was investigated from three
different aspects. First, the sequence of plastic hinge formation in the
beams and columns was traced. Secondiy, the base shear versus roof
displacement response of the frames was examined. Finally, the
distributions of the various response parameters along the height of the
frames for two different levels of overall drift was examined. In
addition, the P-delta effect on the inelastic behaviour of the frames was
studied, and the relationships among the different definitions of member
ductility factors were examined.

The inelastic dynamic responses of the designed frames subjected to
the three A/V groups of earthquake records were analyzed statistically.
This inelastic dynamic analysis involved five different parts. First, the
effectiveness of the NBCC 1985 base shear provisions to account for the
effect of ground motion A/V ratio on short-period frames was
investigated. This investigation was based on a comparison of two
different analyses performed for the 451 frames. Second, the seismic
performance of reinforced concrete building frames designed in
conformance with NBCC 1985 and CAN3-A23.3-MB84 was evaluated based on the
statistical results of the various response parameters obtained for the

451, 452, 105, and 185 frames. Third, the effect of peak ground velocity
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level on the inelastic responses of frame structures was investigated,
Fourth, the statistical results of the inelastic responses of the frames
were compared with those of their corresponding elastic responses.
Finally, the distributions of overall response parameters over height
were compared for four different analyses, namely: (a) etlastic static;
(b) elastic dynamic: {(c) inelastic static; and (d) inelastic dynamic
analyses. In the course of the dynamic analyses, overall energy indices
were defined for muitistorey building frames, and their numerical
computation was implemented in the DRAIN-2D program. This definition for
multistorey frames is an extension of the definition for SDOF systems.

A simplified analysis procedure was proposed to estimate both
overall and localized inelastic deformations for regular moment-resisting
building frames. The procedure consists of three steps. These three steps
are (a) transformation of a multistorey frame into an equivalent SDOF
system based on an inelastic static analysis of the frame; (b) inelastic
‘dynamic analysis of the eguivalent SDOF system to provide an estimate of
the roof displacement of the original frame; and (c) inelastic static
analysis of the frame associated with the estimated roof displacement to
provide estimates of overall and localized inelastic deformations. The
simplified analysis procedure was evaluated for frames having different
number of storeys and for earthquake ground motions havina different A/V
ratios. The evaluation was based on a comparison of the inelastic
deformational demands estimated from the simplified analysis procedure
with the statistical results obtained from the inelastic dynamic analysis

of the frames.
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8.2 Conclusions
The significant conclusions obtained from this study are summar i zed

as follows:

(1) Ground Motion A/V Ratio

(a) The A/V ratic of earthaquake ground motions {is a viable
parameter to Indicate the M-R relationship associated with the motions.
Ground motions in the proximity of small or moderate earthquakes usually
have high A/V ratios whereas those at long distances from large
earthquakes usually have low A/V ratios.

{b) Due to its tacit correiation with the M-R relationship, the A/V
ratio is a useful, yet simple, parameter to indicate the relative
frequency content and duration of strong shaking for earthquake ground
motions resulting from different seismic environments. Ground motions
having high A/V ratios are usually of short duration with seismic energy
in the high frequency range whereas those with low A/V ratios usually
have long duration with energy in the low frequency range.

{(c} Peak ground velocity correlates well with the spectrum
intensity, irrespective of the A/V ratio of earthquake records, whereas
the relationship between peak ground acceleration and the spectrum
intensity strongly depends on the A/V ratio. Therefore, peak ground
velocity is a superior descriptor of the intensity of earthquake ground
shaking at a site for building design, as compared to peak ground

acceleration.
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(2) Inelastic Static Analysis

(a) The sway mechanisms of the frames designed in conformance with
NBCC 1985 and CAN3-A23.3-M84 are somewhat between the beam sidesway
mechanism and the column sidesway mechanism, when they are subljected to
monotonically increased lateral loading which is distributed over height
in accordance with the NBCC 1985 distribution formuia. in order to attain
the desired complete beam sidesway mechanism, the column strengths need
to be increased over those suggested by CAN3-A23,3~MB4.

(b) The actual overall strengths of the frames are higher than
their Ffactored design base shears. Therefore, there Is seismic
overstrength for the frames designed in conformance with NBCC 1985 and
CAN3-A23.3-M84. This overstrength for low rise frames is more significant
than that for high rise frames.

{c) The overall stiffnesses of the frames are reduced substantiatiy
after the formation of the first column hinge. This reduction in the
‘overall stiffness is particularly pronounced for high rise frames because
the softening effect due to the P-Delta phenomenon for high rise frames
is more significant than that for low rise frames in the inelastic range.

(d) As the frames are loaded well into the inelastic range,
inelastic deformations tend to be concentrated in the lower storey beams
and at the base of the #first storey columns. This concentration of
inelastic deformations leads to very large interstorey displacements in
the lower storeys, and the maximum interstorey drift in the lower storeys

can be substantially higher than the corresponding overali drift.
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(3) Inelastic Dynamic Analysis

(a) If the specification of seismic design forces is directly tied
to peak ground velocity, ground motion A/V ratio has a very significant
effect on the Inelastic response of building frames having short
fundamental periods. The use of a single seismic response factor results
in different values for the wvarious overall and localized response
parameters for short period frames, when subjected to earthquake ground
motions having different A/V ratfos. The response parameters for high A/V
ground motions are considerably higher than those for low A/V ground
motions. The use of three different seismic response factors for the
three different ranges of A/V ratio, as suggested in NBCC 1985, provides
slight improvement in the consistency of maximum storey dispiacement and
interstorey drift. However, the consistency in member curvature ductility
demands and overall displacement ductility demands is significantly
improved. This improvement in ductility demands resulits from the fact
that the use of three different seismic design forces for the three
different A/V ranges leads to three frames having different member yield
curvatures and overall yield displacements on which the computation of
ductilfty factors is based.

(b} For 1tow rise frames, inelastic deformations tend to be
concentrated at the bottom of the frames, irrespective of the A/V ratio
of the input ground motions. This distribution of inelastic deformations
over height for earthquake excitation is similar to that for
monotonically increased lateral loading. For high rise frames, the
distributions of inelastic deformations over height are strongly affected

by the A/V ratio of the input ground motions. For low A/V ground motions
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which have lower frequency content, inelastic deformations tend to be
concentrated in lower storeys. For high A/V ground motions which have
higher frequency content, the "whiplash" effect is very significant due
to significant contribution of higher modes, and inelastic deformation in
the upper storeys can be significantly higher than those in the lower
storeys.

(c) While low A/V ground motions produce slightly lower inelastic
deformations than high A/V ground motions in the upper storeys of high
rise frames, they develop considerably higher inelastic deformations in
the lower storeys. Because the lower storeys are more critical than the
upper storeys due to the high axfal loads carried by the columns, low A/V
ground motions tend to be more damaging to high rise frames than high A/V
ground motions even when the frames are designed based on peak ground
velocity.

(d) Seismic design based on NBCC 1985 and CAN3-A23.3-MB4 leads to
nonuniform ductility demands for frames having different fundamental
periods. The member curvature ductility demands and the overall
displacement ductility demands for éhort period frames tend to be higher
than those for 1long period frames. This is particularly true for the
curvature ductility demands at the base of the first storey columns. The
nonuniform ductility demands for frames with different fundamental
periods are attributable to the use of a period-independent structural
behaviour coefficient K and different amplifications of column design
moments due to slenderness effect for frames having different numbers of

storeys.

282




(e) Because of the seismic overstrength of the frames as compared
to their factored seismic design forces, the global displacement
ductility demands of the frames are generally lower than the displacement
ductility demands of the corresponding SDOF systems whose periods are the
same as the fundamental periods of the frames and whose yield strengths
are specified as factored seismic design forces from the NBCC 1985 base
shear formula. This difference 1is particularly pronounced for short
period frames, because short period frames have more significant
overstrength than long period frames.

(f) The meanto global displacement ductility demands for frames
with moderate and long fundamental periods subjected to design level
earthquake excitations are generally lower than the expected system
ductility" as implied by the value of the K factor used in the design.
For frames with very short fundamental periods, the mean+c overall
displacement ductility demands would exceed the expected value.

(g) For a comparable tevel of overall drift, the dynamic
overstrength of the frames as compared to their factored seismic design
forces tends to be more significant than the static overstrength. This is
particularily true for high rise frames.

(h) The inelastic deformations in the lower storeys are highly
sensitive to the peak ground velocity level of the input ground motions
for both low and high rise frames. A 50% increase in the peak ground
velocity of the input ground motions results in nearly 100% increase in
the curvature ductility demands for the structural members in the lower
storeys. As a result, the interstorey drifts in the lower storeys are

also significantly increased. In addition, the input energy is more than
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doubled, Most of the increased input energy has to be dissipated through
hysteretic action. This clearly points out the need for accurate
evaluation of the peak ground velocity expected at a building site as
well as appropriate assessment of the uncertainties associated with this
evaluation.

(i) For frames having very short fundamental periods, the maximum
storey displacements for inelastic response tend to be higher than those
for elastic response, Thé reverse tends to be true for frames having
moderate or long fundamental perfods. The global displacement ductflity
demands are close to the ratios of elastic to Iinelastic dynamic base
shears for moderate or long period frames, whereas the overall ductility
demands are significantly higher than the force ratios for short period
frames. The input energy for inelastic response is similar to that for
elastic response, This correlation appears toc be better for long period
frames than for short period frames.

{(j) For low rise frames, the inelastic static analysis provides
very similar distributions of interstorey deflections to those of the
inelastic dynamic analysis. Both elastic static and dynamic analyses tend
to underestimate the interstorey deflections at the bottom of the frames,
For high rise frames, the distribution of interstorey deflections for the
elastic dynamic analysis is similar to that for the inelastic dynamic
analysis in the upper storeys. The use of both inelastic and elastic
static analyses grossly underestimates the interstorey drift in the upper
storeys. This wunderestimation 1is particularly pronounced for high A/V
aground motions. In the lower storeys, the distribution of interstorey

drift for the inelastic static analysis s close to that for the
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inelastic dynamic analysfs, The use of elastic dynamic or static analysis
tends to underestimate interstorey drift in the lower storeys. This is
particularly true for low A/V ground motions.

(k) For high rise frames, the contribution of higher modes to
interstorey drift in the upper storeys tends to decrease with an increase

in the level of inelastic response.

(4) Simplified Analysis Procedure

(a) The two equivaient SDOF models examined in this study provide
satisfactory estimates of the maximum roof displacement for frames having
different number of storeys and for earthquake ground motions having
different A/V ratios.

(b) For low-rise frames, the simplified analysis procedure produces
good estimates of both overall and localized inelastic deformations for
earthquake ground motions having different A/V ratios.

(c) For high-rise frames, the simplified analysis procedure results
in reasonable estimates of the maximum storey displacement. However, the
simplified analysis précedure grossly underestimates the interstorey
drifts in the upper storeys. This underestimation is particularly
pronounced for high and intermediate A/V ground motions. The beam and
column inelastic deformations in the upper storeys are also
underest imated by the simplified analysis procedure.

(d) There is a close correlation of the input and hysteretic energy
per unit mass between the SDOF-I and MDOF models for low rise frames.
Therefore, the SDOF-1 model may be used to estimate the energy per unit

mass imparted to and the hysteretic energy per unit mass dissipated in a
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low rise frame. for high rise frames, there is no consistent corretation
of the input and hvsteretic energy between the SDOF-1 and MDOF models.

It is suggested that the simplified analysis procedure be used for
requiar building frames having number of storeys lower than |0. For high-
rise frames, the simplified analysis procedure may be used to estimate
maximum storevy displacements. The interstorey drifts and member inelastic
deformations in the lower storeys may also be estimated by the simpiified

analysis procedure,

8.3 Desian _Implications and Recommendations for Future Research

In this study, the noniinear dynamic response of reinforced
concrete building frames to earthquake ground motions having different
A/V ratios has been investigated. The analytical results have permitted
an evaluation of the current Canadian seismic design practice. In this
section, the significant design implications of this evaluation are
reviewed. and recommendations for future research are provided.

The ductility demands for low rise building frames are generally
much higher than those for high rise building frames despite the fact
that low rise buiiding frames have more significant seismic overstrength
than high rise building frames with respect to their nominal rcode design
strenaths. The higher ductility demand for low rise buildings is muinly
due to the use of a period-independent structural behaviour coefficient,
K. in the specification of total iateral seismic desian forces in HBCE
1985. This issue needs to be addressed in the future development of the
hase shear provisions in the Nationai Building Code of Canada. To avoid

excessive ductiiity demand. the desian strengths for low rise buiidinas

286



shoyld not be significantiy reduced from their elastic strength demands.
In addition., ineiastic deformation tends to be concentrated at the bottom
of low rise building frames, irrespective of the A/V ratio of the input
ground motions, Therefore, special attention should be given fo the
design and detailing of columns and beams at the bottom of low rise
buildinas.

for high rise buiiding frames located in high A/V seismic zones,
inelastic deformation tends to be concentrated in the upper storeys. In
particular, plastic hinges would be developed in the upper storey
columns. Therefore, careful detailing shouid be given to the upper storey
columns, For high rise buildings situated in low A/V seismic regions,
inelastic deformation tends to be concentrated in the lower storeys. To
avoid excessive P-delta effect. the interstorevy drift needs to be
controlled.

The wuse of elastic static analysis coupled with a displacement
ampjification Ffactor for estimating interstorey drift, as currentiy
sungested in many buiiding codes, is inadeguate for both low and high
rise buildings. For low rise buildings, the elastic static analysis
seriously underestimates interstorey drift at the bottom of the
puildinas., For high rise buildinas, the elastic static analvsis grossly
underestimates interstorey drift in the upper storeys. Therefore.
imoroved methods for estimating interstorey drift need to be developed

for building codes.
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