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ABSTRACT

DYNAMIC PULL ANALYSIS FOR ESTIMATING THE SEISMIC
RESPONSE

Degirmenci, Can
M.S., Department of Civil Engineering

Supervisor: Prof. Dr. Haluk Sucuoglu

November 2006, 144 pages

The analysis procedures employed in earthquake engineering can be
classified as linear static, linear dynamic, nonlinear static and nonlinear dynamic.
Linear procedures are usually referred to as force controlled and require less
analysis time and less computational effort. On the other hand, nonlinear
procedures are referred to as deformation controlled and they are more reliable in
characterizing the seismic performance of buildings. However, there is still a
great deal of unknowns for nonlinear procedures, especially in modelling the

reinforced concrete structures.

Turkey ranks high among all countries that have suffered losses of life
and property due to earthquakes over many centuries. These casualties indicate
that, most regions of the country are under seismic risk of strong ground motion.

In addition to this phenomenon, recent studies have demonstrated that near fault

v



ground motions are more destructive than far-fault ones on structures and these

effects can not be captured effectively by recent nonlinear static procedures.

The main objective of this study is developing a simple nonlinear
dynamic analysis procedure which is named as “Dynamic Pull Analysis” for
estimating the seismic response of multi degree of freedom (MDOF) systems.
The method is tested on a six-story reinforced concrete frame and a twelve-story
reinforced concrete frame that are designed according to the regulations of TS-

500 (2000) and TEC (1997).

Keywords: Nonlinear analysis procedures, pushover, modal pushover analysis,

dynamic pull analysis, near-fault ground motions
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DINAMIK CEKME ANALIZi iLE SiSMIK TEPKILERIN TAHMINI

Degirmenci, Can
Yiiksek Lisans, ingaat Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Haluk Sucuoglu

Kasim 2006, 144 sayfa

Deprem miihendisliginde kullanilan yontemler dogrusal statik, dogrusal
dinamik, dogrusal olmayan statik ve dogrusal olmayan dinamik yontemler olarak
siniflandirilabilir. Dogrusal yontemler genellikle kuvvet kontrollu olmakta ve az
analiz zamanina ve az hesaplama emegine gerek duymaktadir. Diger taraftan,
dogrusal olmayan yontemler deplasman kontrollii olup, binalarin sismik
performansini belirleme acisindan daha giivenilir sayilmaktadir. Fakat, 6zellikle
betonarme yapilarin modellenmesinde dogrusal olmayan yontemler hala birgok

bilinmez barindirmaktadir.

Tiirkiye depremlerden dolayr olan can ve mal kayiplart bakimindan
ylizyillardir tiim {lkeler arasinda iist siralarda yeralmaktadir. Bu kayiplar
gostermistir ki iilkenin birgok bolgesi giiclii yer hareketleri riski altindadir.
Bununla birlikte, son dénemde yapilan ¢aligmalar gostermistir ki, yakin fay yer

hareketleri uzak fay yer hareketlerine gore yapilar lizerinde daha yikici olmakta
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ve bu etkiler giincel dogrusal olmayan statik yontemler tarafindan etkili bir

sekilde tespit edilememektedir.

Bu calismanin temel amaci, ¢ok dereceli sistemlerin (CDS) sismik
tepkilerin tahmini i¢in “Dinamik Cekme Analizi” diye adlandirilan basit bir
dogrusal olmayan dinamik analiz yonteminin gelistirilmesidir. Bu yontem, TS-
500 (2000) and TEC (1997) yonetmeliklerine gore tasarlanmis alt1 ve on iki kath

betonarme cergeveler lizerinde test edilmisdir.

Anahtar kelimeler: Dogrusal olmayan analiz yontemleri, dogrusal olmayan
artimsal itme analizi, modal dogrusal olmayan artimsal itme analizi, dinamik

cekme analizi, yakin fay yer hareketleri
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CHAPTER 1

INTRODUCTION

1.1 Statement of Problem

Recently, countries that are under significant earthquake risk such as
United States, Japan, Italy and Turkey move towards the implementation of
Performance Based Earthquake Engineering philosophies in seismic design of
civil structures. For this reason, new seismic design provisions will require
structural engineers to perform nonlinear analyses of the structures that they are

designing.

Today, the analysis procedures employed in the earthquake engineering
profession can be classified as linear static, linear dynamic, nonlinear static and
nonlinear dynamic. Linear procedures are usually referred as force controlled,
while nonlinear procedures are referred as deformation controlled. Nonlinear
procedures are more reliable on characterizing the seismic performance of
buildings than the linear procedures, while linear procedures require less time
and less computational effort. Although, a significant amount of research is
performed for developing nonlinear procedures, there is a great deal of
unknowns especially in modelling purpose of reinforced concrete structures.
Modelling shear walls, shear deformations, non structural members are still a

challenge.



Nonlinear static procedure, which is called “Pushover Analysis” in
literature, consists of a series of analyses, to obtain a force-displacement curve
(capacity curve) of the overall structure. Nonlinear force-deformation properties
of all lateral force-resisting elements are created and gravity loads are applied
initially. A predefined lateral load pattern that is distributed along the building
height is then applied. Each load step, lateral loads are homogenously increased.
After certain step, some members start to yield. Then structural model is
modified at each step according to nonlinear response of members that reduces
the global stiffness. Procedure is repeated until a control displacement at the top
of building reaches a certain level of deformation, or structure becomes unstable.
The roof displacement is plotted against base shear to obtain the global capacity

curve; i.e., pushover curve.

The nonlinear static procedure must be used with attention. The pushover
analysis is a representation of a static “approximation” of the response of a
structure when subjected to dynamic earthquake loads. This approximate
analysis method has a great advantage when compared to the exact nonlinear
dynamic analysis. However, it has some limitations that affect the accuracy of
results such as the estimating of approximate response, selection of lateral load
patterns and identification of failure mechanisms due to higher modes of
vibration. To eliminate these weaknesses, several methods were proposed such
as modal pushover analysis (Chopra and Goel, 2001) which is aimed to solve
higher mode effect and adaptive pushover methodology which is aimed to solve

selection of load patterns.

Turkey ranks high among countries, which have suffered losses of life
and property due to earthquakes over many centuries. For example in the last
century, earthquakes caused over 110,000 deaths, about 250,000 hospitalized
injuries and close to 600,000 destroyed housing unit in Turkey. These causalities
indicate that, most of the regions of country are under risk of strong ground

motion shaking. Recent studies have demonstrated that near fault ground



motions impose large demands on structures compared to ordinary ground
motions. In addition to large inelastic displacement demand, commonly used
displacement estimation techniques that are successful for far field earthquakes
are unable to capture the sequence of displacement profile (Alavi and
Krawinkler, 2001). For this reason, effects of near fault ground motions must
carefully be examined for reducing further losses in Turkey by the new

generation of earthquake engineers.

1.2 Review of Past Studies

1.2.1 Simplified Nonlinear Analysis Procedures

Structures exposed to severe seismic actions usually respond
inelastically. Hence, nonlinear analysis procedures and simplification of these
procedures is a subject that has been studied since 1960’s. The proposed
simplified nonlinear analysis procedures and structural models are usually based
on the reduction of MDOF model of structures to an equivalent SDOF system.
The studies of Jacobsen (1960) and Rosenblueth and Herrera (1964) are two

examples of this time period.

The concept of equivalent viscous damping was originally proposed by
Jacobsen (1960) to obtain approximate solutions for the steady state vibration of
SDOF systems with linear restoring force-deformation and nonlinear damping
force-velocity relationships under harmonic loading. In this method, the
equivalent damping was determined by equating the energy per cycle of the
nonlinearly damped oscillator to the energy per cycle of a linearly damped
oscillator having the same period with the original system and equivalent-
damping ratio. Then, he extended the concept of equivalent damping to SDOF
systems with nonlinear restoring force-deformation relationships by considering

a period shift in combination with equivalent viscous damping



Rosenblueth and Herrera (1964) proposed a procedure in which the
maximum deformation of inelastic SDOF system was estimated as the maximum
deformation of a linear elastic SDOF system with longer period of vibration (T¢)
and higher damping coefficient ({). In this procedure, series of analyses were
conducted by changing values of Teq and (q and by results of these analysis
series, deformation of inelastic systems were estimated. Rosenblueth and Herrera
(1964) used the secant stiffness at maximum deformation to represent period
shift, and equivalent-damping ratio was calculated by equating the energy
dissipated per cycle in nonlinear and equivalent linear SDOF system subjected to

harmonic loading.

Giilkan and Sozen (1974) stated that the response of reinforced concrete
structures to strong earthquake motions was influenced by two basic phenomena,
which were reduction in stiffness and increase in energy dissipation capacity.
They also stated that the maximum dynamic response of reinforced concrete
structures, which can be represented by SDOF systems, can be approximated by
linear response analysis using a reduced stiffness and a substitute damping.
Giilkan and Sozen expressed that the equivalent viscous damping approach had
considerable potential as a vehicle to interpret the response of RC systems from
the design point of view, and used the equivalent damping approach to estimate
the design base shear corresponding to inelastic response. They developed an
empirical equation for equivalent damping ratio using secant stiffness of Takeda
hysteresis model. They conducted dynamic experiments with one story, one bay

frames. Results obtained from experiments supported proposed procedure.

Shibata and S6zen (1976) proposed the Substitute-Structure Method as a
procedure for determination of design forces and for improving the reduced
stiffness and equivalent damping analogy of Giilkan and So6zen (1974) for
MDOF systems. This procedure can be used for just 2-D models structures

which are regular in plan and elevation.



Newmark and Hall (1982) proposed procedures on displacement
modification factors. Main purpose of the procedures is estimating the inelastic
displacement demand of MDOF system by using equivalent elastic SDOF
representation. This equivalent SDOF system has the same lateral stiffness and
damping coefficient as that of MDOF one and its maximum deformation is
converted to find maximum deformation of inelastic MDOF system by using
certain displacement modification factors. A similar study was conducted by
Miranda (2000). Miranda has developed C1 values which is a modification factor
to relate expected maximum inelastic displacements to displacements calculated
from linear elastic spectral response for oscillators having bilinear load-
deformation relations located on firm sites, and has developed C1 values for

stiffness degrading systems.

Fajfar and Fischinger (1987) introduced the N2 Method in the seismic
evaluation of the nonlinear seismic response of a seven story RC frame-wall
building. It was observed that the N2 Method underestimated the shear forces
along the height of the building in this study. The method was explained in detail
with some modifications by Fajfar and Gaspersic (1996). This method can be
used for planar structures that oscillate predominantly in the first mode. It uses
the elastic spectrum and nonlinear static analysis. The capacity curve of a MDOF
system is converted to the capacity curve of a SDOF system and global demand
is determined using R-p-T relations. Then the local demands are determined by
performing nonlinear static analysis up to the determined global displacement

demand. A global damage index is determined at the end of the method.

In the 1990’s, Capacity Spectrum Method (ATC-40, 1996) was
recommended by ATC-40 (1996) as a displacement-based design and assessment
tool for structures. It was originally developed as a rapid evaluation procedure
for a pilot seismic risk project of the Puget Sound Naval Shipyard of the U.S.
Navy (Freeman et al., 1975). Detailed explanations of three versions of

procedure, which are called Procedure A, B and C can be found in ATC-40



(1996) documents. Firstly, proposed method requires force-displacement curve
of MDOF system which presents the capacity of the structure and response
spectrum of earthquake or a design spectrum. Then, that curve compares with
estimated demand response spectrum. Both of them are converted in
Acceleration-Displacement Response Spectrum (ADRS) that the spectral
accelerations are plotted against spectral displacements with radial lines that
represent the period. The demand is obtained by reducing elastic response
spectrum with spectral reduction factors which depend on effective damping. All
spectral reduction factors are functions of some parameters such as, structural
behaviour type which is about hysteretic properties of structure and ground
motion shaking duration. On the other hand, selection of these parameters is the
hardest part of this procedure and approximations involved in the determination

of these characteristics are the main weaknesses of the method.

Displacement Coefficient Method is the primary nonlinear static
procedure presented in FEMA-273 (1997) and FEMA-356 (2000). This approach
modifies the linear elastic response of the equivalent SDOF system by
multiplying it by a series of coefficients Cy through Cs to generate an estimate of
the maximum global displacement (elastic and inelastic), which is called the
target displacement. The process begins with an idealized force-deformation
curve relating base shear to roof displacement. An effective period, T, is
generated from the initial period, T;, by a graphical procedure that accounts for
some loss of stiffness in the transition from elastic to inelastic behavior. The
effective period represents the linear stiffness of the equivalent SDOF system.
When plotted on an elastic response spectrum representing the seismic ground
motion as peak acceleration, Sa, versus period, T, the effective period identifies a
maximum acceleration response for the oscillator. Recently, various studies have
proposed simplified expressions especially for C; modification coefficient by
Aydinoglu and Kacmaz (2002); Ramirez et al.(2003), Ruiz-Garcia and Miranda
(2003); Chopra and Chintanapakdee (2004).



Miranda and Ruiz-Garcia (2002) conducted a study to evaluate the
accuracy of six approximate methods that are proposed some researchers such as
Rosenblueth and Herrera (1964), Giilkan and Sozen (1974), Newmark and Hall
(1982) and Miranda (2000). SDOF systems that were used Elasto-plastic,
modified Clough stiffness degrading (Clough and Johnston, 1996) and Takeda
hysteretic models (Takeda et al , 1970) with periods between 0.05 and 3.0 sec.
were considered when subjected t0264 ground motions recorded on firm sites in
California. For each method, mean ratios of approximate to exact displacement
and dispersion of relative errors were computed as a function of vibration period
and displacement ductility ratio. It is observed that approximate procedures can
lead to significant errors in estimation of maximum displacement demand when

applied to individual ground motion records.

Chopra and Goel (1999) have proposed an improved capacity-demand
diagram method described in ATC 40 (1996). This procedure uses constant
ductility demand spectrum to estimate seismic deformation of equivalent

inelastic SDOF systems that represents of MDOF systems.

1.2.2 Pushover Analysis

1.2.2.1 Conventional Pushover Analysis

The purpose of pushover analysis i1s to evaluate the expected
performance of a structural system by estimating its strength and deformation
demands in design earthquakes by means of a static inelastic analysis, and
comparing these demands to available capacities at the performance levels of
interest. However, pushover analysis has no rigorous theoretical foundation. It is
based on the response of an equivalent SDOF system. This means that the
response is controlled by a single mode, and that mode shape remains constant

throughout the time history response (Krawinkler and Seneviratna, 1998).



However, these assumptions are incorrect. For this reason, researchers
investigated various aspects of pushover analysis to identify the limitations and
weaknesses of the procedure and proposed improved pushover procedures that
consider the effects of lateral load patterns, higher modes, failure mechanisms,

etc.

Krawinkler and Seneviratna (1998) conducted a detailed study that
discusses the advantages, disadvantages and the applicability of pushover
analysis. In this study, basic concepts and main assumptions of the nonlinear
static response were identified. The accuracy of pushover predictions were
evaluated on a four-story steel perimeter frame damaged in the 1994 Northridge
earthquake. The frame was subjected to nine ground motion records. Local and
global seismic demands were calculated from pushover analysis results at the
target displacement for each individual record. Results showed that for regular
low-rise structures in which higher mode effects are not very important and in
which inelasticity is distributed uniformly over the height, the analysis provides
very good predictions of seismic demands. Nonlinear static procedure also
exposes the design weaknesses, which are story mechanisms, excessive
deformation demands, strength irregularities and overloads on potentially brittle
elements such as columns and connections that may remain hidden in elastic
analysis. On the other hand, author also recommended implementing pushover
analysis with caution and judgment considering its many limitations since the
method is approximate in nature and contains many unresolved issues that need

to be investigated.

Gupta (1999) analyzed the recorded responses of eight buildings that
experienced ground accelerations in the excess of 0.25g during the 1994
Northridge earthquake to understand the behaviour of actual structures and to
evaluate the acceptability of pushover analysis. The selected buildings were 5, 7,
10, 13, 14, 17, 19- and 20-story structures having moment resisting frames, shear

walls as lateral force resisting systems. In addition, these buildings were



instrumented at the time of the earthquake. The recorded story displacement,
inter-story drift, story inertia force and story shear profiles at various instants of
time were evaluated. It was observed that the responses of buildings were
significantly affected by higher modes with the exception of low-rise structures.
Furthermore, these effects were better understood by analyzing the inertia force

and story drift profiles rather than story displacements..

Mwafy and Elnashai (2001) performed a series of pushover analyses and
incremental dynamic collapse analyses to investigate the validity and the
applicability of pushover analysis. Twenty reinforced concrete buildings, four
eight-story irregular frames, four twelve-story regular frames and four eight-
story dual frame-walls, with different base shear coefficients, 0.15 and 0.30 and
with three different design ductility levels, low, medium and high, were
analyzed. For nonlinear time-history analysis, four natural and four artificial
earthquake records scaled to peak ground accelerations of 0.15g and 0.30g were
applied on detailed 2-D models of structures. By using the results of earthquake
records, pushover-like load-displacement curves obtained by using upper and
lower response envelopes as well as the best fit were prepared for each structure
cases with the help of regression analyses. In addition, pushover analyses were
conducted with uniform, triangular and multimodal load patterns to compare and
check validity of the results. The results showed that the triangular load pattern
outcomes were in good correlation with the dynamic analysis results leading to
conservative prediction of capacity and a reasonable estimation of deformation.
In addition, results showed that pushover analysis is more appropriate for low-
rise and short period structures and triangular loading is adequate to predict the
response of such structures. On the other hand, uniform load distribution
provides a conservative prediction of seismic demands in the range before first
collapse. It also yields an acceptable estimation of shear demands at the collapse
limit state. Furthermore, the fundamental period elongation varies in the range of
60% to 100%. For this reason, elastic period formulations in seismic codes do

not provide uniform levels of safety for different structural systems. Finally,



further developments on accounting the inelasticity of lateral load patterns are
suggested. This would make analysis more accurate for high-rise and highly

irregular structures.

1.2.2.2 Adaptive Pushover Analysis Procedures

Conventional pushover analysis consists in the application and
monotonic increase of a predefined lateral load pattern, kept constant throughout
the analysis. However, such a procedure exhibits a number of limitations, mainly
related to its inability to account for the progressive stiffness degradation, the
change of modal characteristics and the period elongation of structure to
monotonic loading. As a result, recent years many researchers have introduced

adaptive pushover methods to overcome such limitations.

Bracci, Kunnath and Reinhorn (1997) were the first to introduce a
procedure that utilizes fully adaptive patterns. Proposed procedure developed for
evaluating the seismic performance and retrofit of existing low-to-midrise
reinforced concrete (RC) buildings. The procedure was derived from the well-
known capacity spectrum method and was intended to provide practicing
engineers with a methodology for estimating the margin of safety against
structural failure. A series of seismic story demand curves was established from
modal superposition analyses wherein changes in the dynamic characteristics of
the structure at various response phases ranging from elastic to full failure
mechanism were considered. These demands were compared to the lateral story
capacities as determined from an independent inelastic pushover analysis. The
distributions of lateral forces used in the progressive pushover analysis were
based on stiffness dependent incremental story shear demands and forms a
critical aspect of the methodology. The proposed technique was applied to a one-
third scale model, three-story reinforced concrete frame building that was

subjected to repeated shaking table excitations, and that was later retrofitted and
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tested again at the same intensities. This study indicated that the procedure could
provide reliable estimates of story demands versus capacities for use in seismic

performance and retrofit evaluation of structures.

A different adaptive methodology, which accounts for the effects of
higher modes and limitations of traditional pushover analysis, was proposed by
Gupta and Kunnath (2000). The proposed method was identical to response
spectrum analysis. At any step, load pattern was constantly updated, depending
on the instantaneous dynamic characteristics of the structure, and a site-specific
spectrum or a design spectrum was used to define the applied load. According to
the method, eigenvalue analysis was carried out before each load increment,
accounting for the current structural stiffness state. The number of modes of
interest that are considered was predefined and the storey forces for each mode
are estimated as the product between the modal participation factor, mass-
normalized mode shape, weight of the storey and spectral amplification of the
mode being considered. Then, a static analysis is carried out for each mode
independently and the calculated action effects for each mode are combined with
SRSS and added to the corresponding values from the previous step. 4, 8, 12, 16,
and 20-story structures having moment resisting frames, frames with soft and
weak story and shear walls were analyzed for evaluating the accuracy and
applicability of method. The results of method were compared with the nonlinear
time history results that were obtained by analyzing the same frames with fifteen
earthquake data from the SAC ground motion records from Los Angles area.
Mainly global structure behaviour, interstory drift distributions and plastic hinge
locations were compared. According to observations, while traditional pushover
analysis failed to capture the effects of higher modes, the results of proposed
adaptive methodology were in very good correlation with nonlinear dynamic
analysis.. The procedure was also validated using an existing multistory building

for which instrumented data was available.
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Elnashai (2001) proposed an adaptive pushover scheme within a single-
analysis pushover algorithm. This single-run procedure was fully adaptive and
multi-modal and accounts for system degradation and period elongation by
updating the force distribution at every step or at predefined steps of the analysis.
The dynamic properties of the structure are determined by means of eigenvalue
analyses that consider the instantaneous structural stiffness state, at each analysis
step. Site specific or ground motion specific spectral shapes can also be
considered in the scaling of forces, to account for the dynamic amplification that
expected ground motion might have on the different vibration modes of the
structure. Accuracy of proposed algorithm was tested by Antoniou and Pinho
(2004). Observations indicated that further research work was required before
this adaptive pushover algorithm can be valid alternative to nonlinear time

history analysis.

Vamvatsikos and Cornell (2002) developed Incremental Dynamic
Analysis (IDA) method. Actually, IDA was the dynamic equivalent to a familiar
static pushover analysis. In this method, for a given structure and a ground
motion, IDA was done by conducting a series of nonlinear time-history analyses.
The intensity of the ground motion, measured using an intensity measure (IM),
was incrementally increased in each analysis. Finally A plot of intensity measure
(IM) of ground motion versus damage measure (DM) of structural response
under scaled ground motion, which was known as an IDA curve, obtained.
Vamvatsikos and Cornell (2002) demonstrated the utility of this procedure by
considering a 9-story steel moment resisting frame. This building was analyzed
for different levels of seismic intensity. The output was in the form of demands
such as peak roof drift, or maximum base shear for a given hazard level. This
data enables the engineer to proceed with the design of the structure such that
members have enough capacity to sustain the demands imposed by an

earthquake corresponding to the pre-determined hazard level.
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1.2.2.3 Pushover Procedures Considering Higher-Mode Effects.

One of the first attempts to consider higher-mode effects was made by
Paret, Sasaki and Freeman (1996) who introduced ‘“Modal Criticality Index”
(MCI). MCI was used to identify the vibration mode most likely to cause
building failure. The procedure comprises several pushover analyses under
forcing vectors representing the various modes. The individual pushover curves
are then converted to ADRS format, after which the Capacity Spectrum method
(Freeman,1975) is utilized to compare the structural capacity with the earthquake
demand. MCls are calculated by dividing earthquake demand to structure’s
capacity. According the procedure, the largest MCI value identifies the critical
mode (Figure 1.1). Then, Sasaki, Freeman and Paret (1998) extended the idea of
MCI to develop Multi-Mode Pushover (MMP) procedure. Aim of method is to
identify failure mechanisms due to higher modes of vibration. MMP was used
load patterns whose shapes are based on the elastic mode shapes of the structure
while obtaining capacity curves. Method uses Capacity Spectrum Method (ATC-
40, 1996) to compare the pushover curve to the earthquake demand graphically.
A seventeen-story steel frame damaged by 1994 Northridge earthquake and a 12-
story steel frame damaged by 1989 Loma Prieta earthquake were evaluated using
MMP. For both frames, pushover analysis based only on first mode load pattern
was inadequate to identify the actual damage. However, pushover results of
combined effect of first mode and higher modes matched more closely to the
actual damage distribution. Obtained results showed that, MMP, which is a
simple extension of the current pushover procedures; results in more closely
match of actual damage than nonlinear static procedures based on first mode load
patterns for the structures with significant higher order modal response. On the
other hand, this procedure developed for identifying failure mechanisms due to

higher modes.
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Figure 1.1 : Capacity and demand curves of seventeen story steel building frame

(Paret, Sasaki and Freeman, 1996))

Aydinoglu (2003) described a multi-modal incremental response-
spectrum analysis method (IRSA). Main objective of study was to develop a new
pushover analysis method, which was able to consider multi-mode effects in a
practical and theoretical consistent manner. The proposed procedure was based
on development of modal capacity diagrams, which were defined as the
backbone curves of modal hysteresis curves. These diagrams were used for
estimation of the instantaneous modal inelastic spectral displacements in a
piecewise linear process called pushover-history analysis. A generic frame model
of the nine-story SAC building with neglecting gravity loads and P-A effects was
analyzed for evaluating the accuracy and applicability of method. The results of
method, which were mainly story drift ratios, plastic hinge rotations, story shears
and overturning moments, were compared with the nonlinear time history results
of 1940 El Centro (N-S) record. In addition, a practical version of the procedure
was developed which was based on the code-specific smooth response spectrum

and equal displacement rule.

14



Chopra and Goel (2001) developed an improved pushover analysis
procedure named as Modal Pushover Analysis (MPA). Main objective of the
study to develop an improved pushover analysis procedure based on structural
dynamics theory, which retains the conceptual simplicity and computational
attractiveness of current procedures with invariant force distribution now
common in structural engineering practice. Firstly, the procedure was applied to
linearly elastic buildings and it was shown that the procedure is equivalent to the
well-known response spectrum analysis. Then, the procedure was extended to
estimate the seismic demands of inelastic systems by describing the assumptions
and approximations involved. Earthquake induced demands for a 9-story SAC
building were determined by MPA, nonlinear dynamic analysis and pushover
analysis using uniform, code and multi-modal load patterns. The comparison of
results indicated that pushover analysis for all load patterns greatly
underestimates the story drift demands and lead to large errors in plastic hinge
rotations. MPA was more accurate than all pushover analyses in estimating floor
displacements, story drifts, plastic hinge rotations and plastic hinge locations.
MPA results were also shown to be weakly dependent on ground motion
intensity, based on the results obtained from El Centro ground motion scaled by
factors varying from 0.25 to 3.0. It was concluded that by including the
contributions of a sufficient number of modes, usually three, the height wise
distribution of responses estimated by MPA is generally similar to the 'exact'
results from nonlinear time history analysis. Then Goel and Chopra (2005)
extended the procedure for computing the member forces. Because, previous
investigations showed that proposed version of method was not applicable to
estimating the member forces. Because forces computed by this procedure may
exceed the actual member capacity. Therefore, member forces were recomputed
from member deformations that are determined from MPA. With the help of this
modification, procedure was able to capture strain-hardening or softening effects
in forces in members deformed beyond elastic limit. Accuracy of improvement

was tested by using 9 and 20 storey six SAC buildings and by applying 20
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ground motions. Results showed that extended procedure provided good
estimates of member forces for five of six SAC buildings. The bias in forces was

generally less than that in story drifts.

Inel, Tjhin and Aschheim (2003) conducted a study to evaluate the
accuracy of five lateral load patterns, which were namely the first mode, inverted
triangular, rectangular, "code", and adaptive lateral load patterns in current
pushover analysis procedures such as capacity spectrum method (ATC-40, 1996)
and displacement coefficient method (FEMA-356, 2000). These patterns were
applied to 3 and 9 storey regular steel moment resisting frames that were
designed as a part of the SAC joint venture (FEMA-2000) and their modified
versions with a weak first story. In addition, modal pushover analysis (MPA)
(Chopra and Goel, 2001) was studied. To compare the pushover results, also
nonlinear time history analyses were performed using eleven ground motion
records selected from Pacific Earthquake Research Center (PEER) strong motion
database. Maximum response of story displacement, interstory drift, story shear
and overturning moments obtained from pushover analyses at different values of
peak roof drifts were compared with the nonlinear time history analyses.
Approximate upper bounds of error for each lateral load pattern with respect to
mean dynamic response were reported to show the accuracy of load patterns.
According to results, current pushover analysis procedures were found to provide
very good estimates of peak displacement response for both regular and weak-
story buildings on selected ground motion set, when first mode, triangular and

code load patterns were used for obtaining capacity curve.

Another simplified pushover analysis procedure, which takes into
account higher mode effects for nonlinear seismic evaluation of planar building
frames, referred as the upper bound method was proposed by Jan, Liu and Kao
(2004). In this procedure, five designed buildings according to seismic code of
Taiwan, which were 2, 5, 10, 20- and 30-story moment resisting frames of strong

column-weak beam systems were analyzed. In addition, thirteen horizontal

16



records from Chi-Chi earthquake in Taiwan were used, while obtaining the
elastic displacement-response contribution ratios of higher modes with respect to
fundamental mode. From the envelope curves of the contribution ratios
demonstrated that first two modes dominated displacement response and other
higher modes could be ignored. Then using the dynamic parameters of first two
modes and response spectrum of earthquakes, structure and earthquake specific
load patterns were obtained for each case. The accuracy of the procedure was
evaluated by comparing the results obtained from pushover analysis with
triangular loading, modal pushover analysis and nonlinear dynamic analysis.
Results showed that seismic predictions of pushover analysis with triangular
loading and modal pushover analysis were in good correlation with nonlinear
dynamic analysis for frames not taller than 10 stories while only the proposed

procedure could predict the seismic demands of 20- and 30-story buildings.

1.2.3 Characterization of Near Fault Ground Motions and Equivalent Pulses

In literature, several researchers such as Sommervile(1997, 1998), Alavi
and Krawinkler (2001, 2004) and Rodrigez-Marek (2000) stated that, near-fault
ground motions are different from ordinary ground motions in that they often
contain strong coherent dynamic long period pulses and permanent ground
displacements. For this reason, since mid 20th century, dynamic responses of
structures under near-fault ground motion excitation have been examined

extensively.

In 1960’s, Biggs (1964) evaluated the response of elastic and inelastic
SDOF systems to one sided force pulses of various shapes, i.e. triangular,
rectangular and ramp like pulses. He observed that for each pulse shape, the
maximum elastic response is a function of the pulse intensity and the td/T ratio,
where td is the duration of the pulse and T is the natural period of the system. For

undamped elastic systems subjected to one-sided force pulses, the displacement
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response factor, which is the maximum dynamic normalized displacement, does
not exceed 2.0 for elasto-plastic systems. He further noted the dependence of the
ductility demand on the td/T ratio and strength of the system relative to the

intensity of the input pulse.

In the past, evaluating dynamic response was time consuming and
computationally expensive. In addition, there were not enough ground motion
records. For this reason, simple pulse shapes were used to represent earthquake
ground motions. Veletsos et al (1965) presented elastic response spectra for half
and full cycle sinusoidal pulses of ground velocity. His works showed that
largest effect of damping is obtained in the medium period range. He also
evaluated inelastic strength demand spectra for various target ductility ratios and
an undamped elasto-plastic system subjected to a half cycle ground velocity
pulse. Finally, the full cycle velocity pulse was used in their study to represent
the Eureka ground motion, recorded in California earthquake on December 21,

1954.

The response of elastic SDOF systems to a half-cycle sinusoidal force
pulse was discussed in Chopra (1995). Chopra showed that the effect of damping
on maximum response to pulse type forces is not significant, if system is not
highly damped. The reason is that the energy dissipation of damping is small if
system is subjected to pulse type excitations with short duration. For the
sinusoidal pulse, the displacement response factor is more sensitive to the

damping ratio when pulse duration is shorter than natural period of the system.

Somerville (1997) conducted a study to develop an improved
parameterization for the engineering specification of near fault ground motions.
In addition to response spectrum, he tried to include time domain parameters of
near-fault ground motion pulse to earthquake magnitude and distance. By using
the analysis results of specially selected fifteen time histories recorded in the
distance range 0.0 to 10 km from earthquakes in the magnitude range of 6.2 to

7.3 and twelve simulated time histories that span range of 3.0 to 10 km and
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magnitude distribution of 6.5 to 7.5, time domain parameters of model was
obtained with the help of regression analysis. His formulations showed that
period of near-fault fault normal forward directivity pulse is a function of
moment magnitude. Moreover, approximate relationship of peak ground velocity
near-fault fault normal forward directivity pulse is proportional with again

moment magnitude and recorded distance.

In 2000, a similar study was conducted by Alavi and Krawinkler (2001).
A set of fifteen near-fault ground motion records with forward directivity is used
to evaluate elastic and inelastic demands of SDOF and MDOF systems. These
records were recorded on stiff soil. In addition, these motions cover a moment
magnitude range from 6.2 to 7.3 and rapture distance range from 0.0 to 8.9. In
addition, a small set of simulated record set was used which was generated for a
project sponsored by CDMG Strong Ground Motion Instrumentation program
[Somerville, 1998]. They cover systematic ranges of moment magnitude 6.5, 7.0
and 7.5 and rapture distance 3, 5, 10 km for two stations, f6 and f8, in forward
direction of a strike slip fault. As a result of these investigations, similar
formulations were obtained to Somerville (1998). According to findings, ground
motion time domain parameters were assigned to basic pull shapes: Half pulse
P1, Full pulse P2 and multiple pulses P3 to compare the results of equivalent
pulse and original record results, both record were applied to MDOF systems
with a fundamental period of T=0.5 sec. and T=2.0 sec and with base shear
coefficients of y=0.4 and y=0.15 which represent relatively strong and weak
structures, respectively. The most important observation was that for most of the
records, if the structure is weak, maximum storey ductility demand occurs at the
base stories. On the other hand, for stronger structure, maximum storey ductility

demand occurs at upper stories.
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1.3 Objective and Scope

A procedure which is called dynamic pull analysis is proposed in this
study for MDOF systems which employs simple inelastic dynamic analysis for
calculating the seismic capacity and a generalized SDOF system for calculating
the seismic demand. The procedure was applied on a six-story reinforced
concrete frame and a twelve-story reinforced concrete frame that are designed

according to the regulations of TS-500 (2000) and TEC (1997).

The results obtained from the proposed procedure are compared with the
results of nonlinear static procedures and nonlinear time history results obtained
under several near-fault ground motion records that have significant velocity and
acceleration pulses. Mainly, the deformation demand, interstory drift profiles,
base shear capacity, plastic hinge mechanisms and plastic rotations are
compared. Estimated plastic rotations, displacement profiles and interstory drifts
are used for deciding on procedure acceptability. The consistency of the
decisions on the procedure acceptability according to the results obtained from
the proposed procedure is controlled with the decisions according to the results
obtained from nonlinear time history analysis. All nonlinear static analyses and

time history analyses are conducted by using the software Drain-2DX

(Allahabadi, 1987).

The main objective of the study was to develop an appropriate procedure

for estimating the seismic response of multi degree of freedom (MDOF) systems.

This thesis is composed of five main chapters and two appendices. Brief

contents are given as follows:

Chapter 1  Statement of the problem and literature survey on

analysis procedures and assessment methods.
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Chapter 2 Brief information about the methods used for comparing

the results of the proposed procedure.
Chapter 3  Explanation of the proposed procedure in detail.

Chapter 4 Presentation of case studies. Results obtained from a six-
story building frame and twelve-story building by using
the proposed procedure. Comparison of results with
those obtained by the other methods that are summariesed

in chapter two
Chapter 5 A brief summary, discussion and conclusions.
Appendix A Bilinearization process of FEMA-273

Appendix B Inelastic modelling features and plastic hinge calculation

procedure in Drain-2DX.

Appendix C Deriving an equation obtaining dynamic response of

linear SDOF systems to dynamic pull record
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CHAPTER 2

METHODS FOR ESTIMATING SEISMIC RESPONSE

2.1 Introduction

Target displacement, which is the inelastic displacement demand of a
system, represents the probable maximum global displacement demand of
structure when subjected to design earthquake. Accurate estimation of target
displacement is important, because all comparisons of internal force and
deformation demands with available capacities are carried out at the target

displacement for a performance check.

Main purpose of this chapter is to introduce the methods that are used for
estimating seismic response for comparison purposes throughout the thesis
study. Firstly theoretical background of linear and nonlinear time history analysis
are explained. Then advantages, limitations, weakness and accuracy of pushover
analysis which are widely used for design and seismic performance evaluation
purposes are discussed briefly. After that, two commonly known approximate
procedures, Displacement Coefficient Method (FEMA-356, 2000) and Constant
Ductility Spectrum Method (Chopra and Goel, 1999), which make use of
pushover curve of the structure for estimating seismic demand are summariesed.
Finally, steps of an improved version of pushover analysis, named Modal

Pushover Analysis (MPA) (Chopra and Goel, 2001), are explained.
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2.2 Time History Analysis

2.2.1 Linear Time History Analysis (LTHA)

The differential equations governing the linear response of a multistory

building to horizontal earthquake ground motion iiy(t) are as follows,
m-i+c-u+k-u=-m-1-i,(t) (2.1)
where

u is u is the vector of N lateral floor displacements relative to the

ground

m 1S mass matrix

c is classical damping matrix
k is stiffness matrix

1is peak influence matrix which is equal to unity; i.e., [1]

Distribution of these effective earthquake forces over the system is
defined by a vector which can be expanded as a summation of modal inertia

force distribution, s, (Chopra, 2001: Section 13.12)

Pegr (1) = —m -1+ 1, (1) = —s -1i,, (t) (2.2)

S§=m-1= y=lsn :Zyﬂrn 'm'(l)n (2.3)

L, =¢, -m-1 2:4)

M, =¢, -m-o, (2.5)
Ln

r = = (2.6)
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where
®d, isthe n™ natural vibration mode of system.

By utilizing the orthogonality property of modes, it is demonstrated that
none of the modes other than the nth mode contributes to the response. Then

floor displacements are,

u, () =0, -q,(t) (2.7)
where
gn 1s the modal coordinate defined by
q, () =T, -D, (1) (2.8)
Here, D, is the deformation of the nth mode SDOF system
Then, inserting Eq.(2.7) and Eq.(2.8) into Eq.(2.1), equation of motion
becomes,
D,+2:¢, 0, D, +o) -D, =-ii,(t) (2.9)
Comparing Eq.(2.1) and Eq.(2.9) gives the modal floor displacements
u, =0, -6, -D, (1) (2.10)
Any response quantity r(t) story drifts, internal element forces, etc, can be
expressed by
r, =1 A (1) (2.11)
where

1, is the static response, the static value of r due to external forces, and
2
A, (=02 -D, (1) (2.12)
A, is the pseudo acceleration response of n mode SDOF system

(Chopra, 2001; Section 12.1).
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Therefore, the response of the system to the total excitation becomes,

N N

u(0= 2 u, (0= 2T, 4, D, (0 (2.13)
N N

i) =2r, (=X, - A, (1) (2.14)
n=1 n=1

More detailed derivation of this linear time history analysis which is
called classical modal response history analysis can be found in textbooks

(Chopra, 2001: Sections 12.4 and 13.1.3)

2.2.2 Nonlinear Time History Analysis (NLTHA)

For each structural element of a building, the initial force-deformation
curve is idealized as bilinear, and the unloading and reloading curves differ from
the initial loading branch. Thus, the relations between lateral forces fs at the N
floor levels and the lateral displacements u are not single valued, but depend on

the history of the displacements:

f, =1, (u,sign(u)) (2.15)

With this generalization for inelastic systems, Eq. (2.1) becomes

m-i+c-u+f(usign())=-m-1-i,(t) (2.16)

The standard approach is to solve directly this equation of motion by
appropriate integration method such as Newmark integration method (1959),
Wilson-0 method (Wilson, Farhomad and Bathe; 1973), etc. NLTHA results for

the case studies, which are shown in chapter four, are assumed to be “exact* for

this thesis study, in evaluating the results of other methods.
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2.3. Simplified Nonlinear Analysis Procedures
2.3.1 Conventional Pushover Analysis

Pushover analysis is an iterative incremental solution of the static
equilibrium equations in which the structure is subjected to monotonically
increasing lateral forces with a height wise invariant distribution until a target

displacement is reached.

Pushover analysis consists of a series of analyses, to obtain a force-
displacement curve of the overall structure. A two or three-dimensional model
which includes nonlinear load-deformation diagrams of all lateral force resisting
elements is first created and gravity loads are applied initially. A predefined
lateral load pattern that is distributed along the building height is then applied.
Lateral loads are homogenously increased at each step. After a certain step, some
of the members start to yield. Then structural model is modified according to
nonlinear load deformation diagrams of members that results in a reduced global
stiffness of the overall structure. Procedure is repeated until a control
displacement at the top of building reaches a target level of deformation or
structure becomes unstable. The roof displacement is plotted with base shear to

obtain the global capacity curve; i.e., Pushover curves (Figure 2.1).

oo o ©®

.

"I lateral load
______ increment
AN yield of

/ member(s)

Base Shear

Roof Displacement

Figure 2.1 : Typical pushover curve of a structure
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In literature, two types of pushover analysis exist which are force
controlled and displacement controlled. Force controlled pushover procedure
should be used when the load is known such as gravity loading. On the other
hand, pushover analysis is performed as displacement-controlled proposed by
Allahabadi (1987). The magnitude of load combination is increased until control
displacement reaches a specified value. All internal forces and deformations are

computed at the target displacement level.

Krawinkler and Seneviratna (1998) state that the pushover analysis is
expected to provide information on many response characteristics that can not be

obtained from an elastic static or dynamic analysis. These are:

e The realistic force demands on potentially brittle elements, such as axial
force demands on columns, force demands on brace connections, moment
demands on beam-to-column connections, shear force demands in deep
reinforced concrete spandrel beams, shear force demands in unreinforced
masonry walls etc.

e Estimates of the deformation demands for elements that have to deform
inelastically in order to dissipate the energy imparted to the structure by
ground motions.

e Consequences of the strength deterioration of individual elements on the
behaviour of the structural system.

e Identification of strength discontinuities in plan or elevation that will lead
to changes in the dynamic characteristics in the inelastic range.

e Verification of the completeness and adequacy of load path, considering
all the elements of structural system, all the connections, the stiff

nonstructural elements of significant strength, and the foundation system.
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Pushover analysis also exposes design weaknesses that may remain
hidden in an elastic analysis. These are story mechanisms, excessive deformation

demands, strength irregularities and overloads on potentially brittle members.

Although pushover analysis has several advantages over elastic analysis
procedures, procedure has some limitations that affect the accuracy of results
such as estimate of target displacement, selection of lateral load patterns and

identification of failure mechanisms due to higher modes of vibration

In the pushover analysis, target displacement can be estimated as the
displacement demand for the corresponding equivalent SDOF domain through
the use of a shape vector and equation (Lawson et al 1994). The roof
displacement at mass center of the structure is used as target displacement. The
theoretical background for the determination of basic properties of equivalent
SDOF system is explained following sections in this chapter. Moreover,
hysteretic characteristics of MDOF systems should be incorporated into the
equivalent SDOF model if displacement demand is affected from stiffness
degradation or pinching, strength deterioration and P-A effects. Foundation
uplift, torsional effects and semi-rigid diaphragms are also expected to effect the

target displacement [Krawinkler and Seneviratna, 1998].

Lateral loads represent the likely distribution of inertia forces imposed
on structure during an earthquake. On the other hand, in pushover analysis,
generally a constant lateral load pattern is used, assuming that the distribution of
inertia forces is same during earthquake and the deformed configuration of
structure under the action of constant lateral load pattern is expected to be similar
to that experienced in design earthquake. On the other hand, Mwayf and Elnashai
(2001) showed that the capacity curve is very sensitive to the choice of lateral
load pattern. In other words, different constant load patterns reveal different
capacity curves. For this reason, selection of lateral load pattern is more critical

than the accurate estimation of target displacement (Figure 2.2).
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Figure 2.2 : Comparison of dynamic and static pushover curves that are obtained

from different load patterns (Mwayf and Elnashai, 2001)

The lateral load patterns used in pushover analysis are proportional to
product of story mass and displacement associated with a shape vector at the
story under consideration. Commonly used lateral force patterns are uniform,
elastic first mode, equivalent lateral "code" distributions and a single
concentrated horizontal force at the top of structure. Multi-modal load pattern
derived from Square Root of Sum of Squares (SRSS) story shears is also used to
consider at least elastic higher mode effects approximately for long period
structures. However, in this study FEMA-356 lateral load pattern is used. The
lateral load pattern defined in FEMA-356 (2000) is given by the following

formula that is used to calculate the internal force at any story,

k
F = m, - h;

= 2.17
ST (2.17)

where
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h is height of the i-th story above the base k is a factor to account
for the higher mode effects (k=1 for T1<0.5 sec and k=2 for

T1>2.5 sec., and varies linearly)

Pushover analysis is performed as force-controlled for gravity loading
and displacement controlled for lateral loading for FEMA-356 lateral load
pattern. A displacement-controlled pushover analysis is composed of the

following steps:

1. Mathematical model that represents the overall structural behavior is
created.

2. Nonlinear load deformation relationships for structural members are
defined.

3. Gravity loads and percentage of live loads are initially applied to
system.

4. A predefined lateral load pattern, which is distributed along the
building height, is then applied.

5. Lateral loads are increased until some member(s) yield under the
combined effects of gravity and lateral loads.

6. The structural model is modified to account for the reduced stiffness
of yielded members.

7. Lateral loads are increased homogenously until the roof displacement
reaches a certain level of deformation, or the structure becomes
unstable.

8. Finally, the roof displacement versus base shear is obtained to get the

global capacity (pushover) curve of the structure
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2.3.2 Seismic Demand Calculation
2.3.2.1 Displacement Coefficient Method

The coefficient method of FEMA-356 (2000) is used for the calculation
of target displacement, 6t. According to the coefficient method,
T2

8,=CyCCyeCySa- g (2.18)

In Equation 2.21, & is the estimated maximum inelastic displacement

2
e

4.1

of the control node. Sa- -g 1is the elastic spectral displacement

corresponding to the period T, for the considered ground motion. For the
calculation of the effective period Te, cracked concrete section stiffnesses are

used in this study.
T.=T - |— (2.19)

where,
Te is the effective fundamental period (sec.)

T; is the elastic fundamental period (sec.) in the direction under

consideration

K; is the elastic lateral stiffness of the structure in the direction

under consideration

K. is the effective lateral stiffness of the structure in the direction

under consideration

Co, Cyi, C; and C; are the coefficients that modify the elastic spectral

displacement. These coefficients are explained below.
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Co : Modification factor to relate spectral displacement to the MDOF
system control node displacement. Multiplication of first mode
participation factor with the amplitude of the first mode vector at the

control node level is used as C,.

C; : Modification factor to relate expected maximum inelastic

displacements to displacements calculated from linear elastic spectral

response.
C, =010 for T,2T) (2.20)
1,0+(R—T1)'Ts
C, = £ for T, <T, (2.21)
R
R=—2 .Cm (2.22)
vy
W
where,

Sa is response spectrum acceleration, at the effective fundamental
period and damping ratio of the system in the direction under

consideration,

R is ratio of elastic strength demand to calculated yield strength ,
T is the characteristic period of the response spectrum, defined as
the period associated with the transition from the constant

acceleration segment to constant velocity segment of spectrum,

Vy is the yield strength calculated using results of the nonlinear
static procedure for idealized nonlinear force- deformation curve

for system
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Cm is the effective modal mass calculated for fundamental mode

using eigenvalues analysis.

W is the weight of structure.

C, : Modification factor to represent the effect of pinched hysteretic
shape, stiffness degradation and strength degradation on maximum
displacement response. In this study, target displacements for each
ground motion record were calculated for immediate occupancy

performance level; i.e, C; is taken as 1.0

Cs : Modification factor to represent increased displacements due to P-A
effects. Cs i1s accepted as 1 in this study, since P-A effects are not

considered.

lof - (R-D"?

C,=1.0+ (2.23)

(S
where

a is ratio of post yield stiffness to effective elastic stiffness, where
the nonlinear force displacement relation shall be characterized

by a bilinear relation (Figure 2.3).
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Figure 2.3: Idealization of pushover curve (FEMA-356)

2.3.2.2 Constant Ductility Spectrum Method

Constant ductility spectrum procedure is proposed by Chopra and Goel
in 1999. Design spectrum is established by reducing the elastic design spectrum
by appropriate ductility-dependent factors that depend on T,. The earliest
recommendation for the reduction factor, Ry, starts with the work of Velestos
and Newmark (1965), which is the basis for the inelastic design spectra
developed by Newmark and Hall (NH) (1982). Starting with the elastic design
spectrum of Figure 2.4 and these Ry-u—T relations for acceleration, velocity, and
displacement-sensitive spectral regions, the inelastic design spectrum constructed
by the procedure described in Chopra (1995, Section 7.10) is shown in Figure
2.4

In recent years, several recommendations for the reduction factor have
been developed (Krawinkler and Nassar (KN), 1992); Vidic, Fajfar, and
Fischinger (VFF), 1994). The inelastic design spectra based on two of these
recommendations, are shown in Figure 2.5, Figure 2.6 and Figure 2.7. For a
fixed pu = 4, the inelastic spectra from NH is compared with in KN and VFF. The
three spectra are very similar in the velocity-sensitive region of the spectrum, but

differ in the acceleration-sensitive region.
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Figure 2.4: Newmark-Hall elastic design spectrum

SeismoSignal (2002) is used in this thesis work for developing elastic
and inelastic response spectra of the selected earthquakes, instead of using the

developed inelastic design spectrum reduction factor recommendations.

A, (@

Figure 2.5: Inelastic design spectra: Newmark and Hall (1982) (NH)
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Figure 2.6: Inelastic design spectra: Krawinkler and Nassar (1992) (KN)

3

VFF

Figure 2.7: Inelastic design spectra: Vidic, Fajfar and Fischinger(1994) (VFF)

Proposed procedure consists of following steps:

1. Obtain pushover curve for MDOF system

2. Idealize the capacity curve as a bilinear curve using FEMA-273
procedure (Appendix A)

3. Convert the idealized curve to acceleration displacement response
spectrum (ADRS) format, obtain the capacity diagram (Figure 2.8),

by using following formulation.
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\Y%
(W)
Sa= (2.24)
o,y
u
Sd=——-—~—— (2.25)
1_‘1 ' (I)rl
where

Sa is spectral acceleration (m/s”)

Sd is spectral displacement (m)

@, is first mode shape function roof level amplitude value
I'; is fundamental mode modal amplification factor.

W is weight of building

V is base shear (kN)

u, is roof displacement (mt.)

o1 is modal mass participation ratio for first mode

4. Obtain elastic and inelastic response spectra for 5% damping and
various ductility levels in ADRS format. Then plot on the same

graph bilinear capacity and demand curves.

5. Compute the ductility value at each intersection point on capacity
and demand curves. When the calculated ductility is equal to
ductility of inelastic demand curve, that intersection point is selected

as inelastic displacement demand of equivalent SDOF system.
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Figure 2.8: Obtaining capacity diagram

6. Convert the inelastic displacement demand of equivalent
SDOF system  to response of MDOF system by following
equation:

u, =Sd-T}-¢,, (2.26)

7. Take the results of MDOF responses from pushover database

2.3.2.3 Modal Pushover Analysis (MPA)

This procedure which is called Modal Pushover Analysis (MPA) was
proposed by Chopra and Goel in 2001. Their principle objective was to develop
an improved analysis procedure based on structural dynamics theory that has
conceptual and computational simplicity with constant load pattern. On the other
hand, method has three main limitations. These are neglecting coupling among
modal co-ordinates due to yielding of the system, superposition of modal
responses, which is strictly valid only for elastic system, and estimating the total
response by combining the peak modal responses using an appropriate modal

combination rule, like SRSS and CQC rule.

The MPA procedure is summarized in a sequence of following steps:
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1. Compute the natural frequencies, ®,, and modes, ®@,, for linearly
elastic vibration of the building.
2. For the n™ mode, develop the base shear roof-displacement (Vy,—u;)
pushover curve for the force distribution,
s, =m-¢), (2.27)
where
m is the mass matrix.

@', is the mode shape of i™ mode.

3. Apply force distribution s, incrementally and record the base shears
and associated roof displacements. System should push beyond the
target roof displacement in the selected mode.

4. ldealize the capacity curve as a bilinear curve using FEMA-273
procedure (Appendix A).

5. Develop the Fg, / Ly-Dy, relation by scaling the horizontal al axis by
@, and by scaling the vertical axis by Mn* which is equal to L, I'y
(Figure 2.10).
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Figure 2.9: Idealization of pushover curve (Chopra and Goel, 2001)

6. Calculate the peak deformation of nth mode inelastic representative
SDOF system (Figure 2.10) under selected ground motion excitation,

Dn.
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7. Convert SDOF system result to MDOF from
Upmo =T p - D, (2.28)
where
I'y, is modal amplification factor for nth mode.
@, is shape factor at roof level.

D, is peak response of representative SDOF system.

Von Idealized Pushover Curve Fan/ Ly Fan /Ly — Dy Relationship
]
Idealized U -
Yony 477‘ '*"";}__ ki Vi My o _,_.{-——-*]gp;wi
\Actual
kn o
1 1
Urp D
(a) Urny (b) R n

Figure 2.10: (a) Pushover curve and (b) SDF-system curve.

(Chopra and Goel, 2001)

8. Take the results of MDOF responses from pushover database (Figure

2.11).

9. Repeat the procedure from step 2 to 8 for other modes. Usually first

three modes are enough for obtaining required accuracy.

10. Determine the total response by combining the peak modal responses

by using usually SRSS (square root of sum of squares) or Complete

Quadratic Combination (CQC) rule.
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Figure 2.11: Conceptual explanation of MPA of inelastic MDOF systems

(Chopra and Goel, 2001)

This procedure is referred to as Procedure A by developers. In this study

only the result of procedure A of MPA are used for case studies. For this reason,

other two simple methods that are Procedure B and C are not explained in the

text of thesis.
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CHAPTER 3

DYNAMIC PULL ANALYSIS (DPA)

3.1 Introduction

The main objective of this chapter is to introduce a procedure, called
“Dynamic Pull Analysis” (DPA) for multi degree of freedom (MDOF) systems.
The proposed procedure employs a simple inelastic dynamic analysis procedure
for calculating the seismic capacity and a generalized SDOF system for
calculating the seismic demand under ground excitation. Principles and basic
parameters of DPA are introduced on linear single degree of freedom (SDOF)
systems, nonlinear SDOF systems and linear MDOF systems. Finally, DPA
procedure is extended to nonlinear MDOF systems where the underlying

assumptions and approximations are defined.

3.2 Linear Single Degree of Freedom Systems

An idealized linear single degree of freedom system consists of a mass,
m, along the degree of freedom, a massless column which gives the stiffness of
system, k, and a linear viscous damper with damping coefficient, ¢ (Figure 3.1).

In a general way of explaining the proposed method, solution of a system under
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“Dynamic Pull Record” (DPR) for estimating seismic performance is called

“Dynamic Pull Analysis” (DPA).

DPR has two variables. The first one is “A” which is the slope of the pull
and the second is tq which is the pull duration (Figure 3.1).

u(t)
m
iy
Kk r 3 D].::R
C .’
e Pl = Ay
-

: > ¢
ttl

Figure 3.1 : DPA under DPR

Response of a SDOF system under dynamic pull record can be obtained

analytically by solving the equation of motion.
m-i+c-ut+k-u=-m-1-i,(t) (3.1)
subjected to the initial conditions;
u(0)=0 u0)=0 (3.2)
According to Figure 3.1, we can insert (A-t) instead of i,(t), where
t<ty,.

Detailed solution of equation of motion can be found in Appendix C.
However, results of steady state, uy(t), and transient, u«(t), parts are presented

separately below. Total displacement is equal to the sum of u,(t) and uy(t).
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[-(%)-sin(m]}-t)—ﬁ-cos(ooD-t)J ; t<ty,
®

A .-
ut(t): Z_e(C nt) |
Q)]

(3.3)

us(t)z(—A';}[z'C;Aj L t<t, (3.4)
COH 0)1'1

(3.5)

u(t)=u, (t)+u,(t) ; t<t,

When the effect of steady state and transient response of SDOF system is
compared, the ratio between u(t) to us(t) decreases with increasing damping and
increasing cycles. Accordingly, with increasing cycle number, steady state part

of the response dominates the response of SDOF system (Figure 3.2).

0.4

u(t)/uy(t)

-1.0
t/Tn (Cycle #)

Damp=0% = = = Damp = 5%

Damp = 10%

Figure 3.2 : u(t)/us(t) vs.te/T(cycle #) for € = 0%, 5%, 10%

Figure 3.3 shows the graphical representation of Equations (3.3), (3.4)
and (3.5). This figure demonstrates that the amplitude of transient cyclic
displacement decreases with increasing damping values. The total displacement,

u(t), has always a monotonically increasing trend in the negative direction. In
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addition, Figure 3.3 demonstrates that the peak displacement value of the linear

SDOF system increases in excitation time of DPR, tq.

The time where the response of a linear SDOF under DPR is equal to
absolute maximum displacement response of the same system under an
earthquake excitation is called the target time of DPA, tg. During the analysis, t4
should be sufficiently long such that the linear SDOF system reaches the seismic

displacement demand under an earthquake excitation.
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to/Tn (Cycle #)
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Figure 3.3 : u(t) vs. ta/Ty (cycle #) graph for = 0%, 5%, 10%; A=1

3.2.1 Linear Elastic Dynamic Pull Spectrum

Response spectrum provides a convenient means to summarize the peak
response of all possible linear SDOF systems to a particular component of
ground motion. It also provides a practical approach to apply the knowledge of
structural dynamics to the design of structures and development of lateral force

requirements in building codes. By the help of the derived equation for response
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of linear SDOF system, response spectra of DPR for different damping ratios can
be calculated easily from following equation when t is equal to t4. Derivation of

acceleration response spectrum of DPR can be found in Appendix C.

S
At-(1-(eee) SOD N where t=t,  (3.6)

Sa(w,) = )

(DD'
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Figure 3.4 : Normalized response spectra of DPR for = 0%, 5%, 10%

Figure 3.4 shows the graphical representation of acceleration response
spectra for different damping ratios. According to this figure, the following

observations can be made.

e When period is lower than 0.5ts, (T,/ty <0.5), acceleration
response spectrum almost follows the (Sa/A-t, =1) flat

spectrum line. This is also equal to equivalent static displacement.

e When the period is equal to 1 or 2, response acceleration is equal

to 1, (Sa/A-ty =1).
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e When the period is longer than 2t;, T,/ty >2.0, response
acceleration is lower than 1, (Sa/A-t, <1). This means that the

duration of pulse is too short to drive the linear SDOF system into
larger accelerations or the equivalent static displacement,

(Sd),.. =(m-A-t,)/k.

static

e The maximum response acceleration, which is about 1.2, (for 5%

damping ratio) is obtained, when T, /ty =1.5

3.2.2 Linear Elastic Seismic Demand

The slope of the force-deformation relation of a linear SDOF system is
its stiffness. The force-deformation relationship of a linear elastic SDOF system
follows this line under any excitation. Figure 3.5 shows the dynamic response of
the same linear SDOF system under Erzincan earthquake EW component
excitation and DPR. Resultant plot indicates that both procedures result in the

same linear stiffness.
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Figure 3.5 : Linear stiffness obtained from a) Erzincan earthquake EW

component b) DPR.
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In converting the linear elastic response to Acceleration Response
Spectrum (ADRS) format, dividing the force component to weight of the system,
W, is sufficient to calculate the spectral acceleration, Sa. On the other hand,
displacement component is equal to the spectral displacement, Sd (Figure 3.6).
Therefore, the following relations can be used for obtaining the linear elastic

response in the ADRS format.
Sa=— ; Sd=u (3.7)

where
Sa is spectral acceleration (m/sz)
Sd is spectral displacement (m)
W is the weight of system
f, is base shear (kN)

U, is relative displacement (mt.)

Sa
4

SA= £,/ W [,

»u : » Sd
Sd=u,

Figure 3.6 : Converting the linear elastic response into ADRS format where t = t4

The demand of an earthquake ground motion can be represented by
acceleration response spectrum. Acceleration response spectrum has traditionally

been plotted with Sa, spectral acceleration, vs T, period. In order to illustrate the
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relation between accelerations and displacements more visually, the Sa vs T
coordinate system for response spectrum is converted to a set of coordinates
defined by Sa and Sd, spectral displacement. When the spectral values are
plotted in ADRS format, the period can be represented by lines radiating from
origin (Mahaney et al., 1993). An example of demand spectrum is shown in

Figure 3.7.

Demand curve of a strong ground motion can be obtained by converting

5% elastic response spectrum to ADRS format by using the following equations.

Sa-T?
Sd = - (3.8)
4.
where
T is the period of the SDOF system (sec.)
\ A Tl» Sd
/ T=2rm
‘\ ﬁr“-\ Sa
\\\ \ T
7 \ ol
s}
T T3
Bl T, T3 ] 1 s j
T Sd=——Sal*
4 &~

Figure 3.7 : Converting response spectrum into ADRS format (Mahaney
et al., 1993)

Intersection of the linear elastic response curve with the demand
spectrum represents the seismic demand of the system, which can be defined as
target displacement. After finding target displacement, pull duration, t4, can be

found easily by searching the analysis database for obtaining the time step when

49



the desired displacement value is reached (Figure 3.8). Another way is to solve

Equation (3.5) for obtaining tg.
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Figure 3.8 : Graphical explanation of calculating pull duration, tq

3.2.3 Numerical Examples

The parameters of linear SDOF systems that are used in numerical study
are presented in Table 3.1. In this table, results of the explained procedure, DPA,
and results of linear time history analysis (LTHA) are listed. For all cases of
DPA, A, which is the slope of DPR, is selected as 1 m/s’ and Erzincan
earthquake EW component is used for calculating the response of linear SDOF
systems. Figure 3.9 shows the DPA spectra, which are plotted according to A,
and tg results of cases and Erzincan earthquake EW component acceleration

response spectrum on the same graph. Following items can be observed from the

presented information.
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Table 3.1

: Parameters of linear SDOF systems and results obtained from DPA

and linear time history analysis (A is 1 m/s®)

Case # K M Th C | um(mt.) [uy, (mt.) [ tq
(kN/mt) | (ton) |(sec.)|(%)| DPA LTHA | (sec)
1 1579.14 | 10.00 | 0.5 | 5 0.054 0.054 | 8.48
2 701.839 | 10.00 | 0.75 | 5 0.124 0.124 | 8.68
3 394.784 | 10.00 | 1 5 0.146 0.147 | 5.78
4 17546 [10.00| 1.5 | 5 0.192 0.192 | 3.54
5 98.696 | 10.00 | 2 5 0.373 0.374 | 3.53

e Both method give exactly same peak absolute acceleration

displacement.
e Decrease in the stiffness, k, decreases pull duration, tg,

e Each spectrum of DPA intersects the acceleration response
spectrum of earthquake at the period of the associated linear

SDOF systems (Figure 3.9).
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Figure 3.9 : Comparison of earthquake and DPR spectra
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3.3 Nonlinear Single Degree of Freedom Systems

The response of structures deforming into their inelastic range during
intense ground shaking is important in earthquake engineering. Since 1960s
hundreds of laboratory tests have been conducted to determine the force-
displacement behaviour of structures for earthquake conditions. Results of these
experiments show that the cyclic force-deformation behaviour of a structure
depends on the structural material and structural system (Chopra, 1995). In
addition to laboratory tests, many computer simulation studies have focused on
the earthquake response of SDOF systems with their force-deformation
behaviour defined by idealized versions of experimental curves. In this study, the
simplest of such idealized force-deformation behaviour, which is called the

elastoplastic force-deformation relation is chosen.

.ﬁ1

Idealized

u i,

Figure 3.10 : a) Force-deformation curve during initial loading b) Elastoplastic

force-deformation relation (Chopra, 1995)

Elastoplastic approximation to the actual force-deformation curve is
shown in Figure 3.10.a. While idealizing the actual curve, area under two curves
must be equal at the selected value of the maximum displacement, u,,. On initial

loading, this idealized system is linearly elastic with stiffness, k, as long as the
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force does not go beyond fj, the yield strength. When force reaches fy, yielding
begins. Therefore, u, becomes yield deformation. Figure 3.10.b shows a typical
cycle of loading, unloading and reloading for an elastoplastic system. This type
of system can be defined by using the vibration parameters of elastic SDOF
system. Therefore, natural period of corresponding linear system is the same as
the period of elastoplastic one undergoing small oscillations (i.e., u<uy). On the
other hand, at larger oscillations, the natural vibration period is not defined for

elastoplastic systems (Figure 3.11).

Corresponding
Linear System

Elastoplastic System

U U, U,

Figure 3.11 : Elastoplastic system and its corresponding linear system

Figure 3.12 is obtained by plotting force-deformation relation of
earthquake excitation and DPR on the same graph. It is observed that the
capacity curve of DPA for nonlinear SDOF system envelopes the obtained under
earthquake response. Capacity curve of DPA also represents ideal force-

deformation curve during initial loading (Figure 3.10.a).
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Figure 3.12 : Capacity curves obtained from Erzincan earthquake EW
component and DPA.

3.3.1 Response Reduction Due to Nonlinearity

The component of the strength reduction factor due to nonlinear
hysteretic behavior, R, is defined as the ratio of the elastic strength demand, f,, to

the inelastic strength demand, f, (Figure 3.11).

R=-"2=—2% (3.9)

In addition, relation between uy, and u, can be written as,

p=m_p. Um (3.10)
u, u,

where,
p is the ductility factor.

In general, for SDOF systems allowed to respond nonlinearly during
ground motions, inelastic deformations increase as the lateral yielding strength of
the system, fy, decreases. For a given ground motion and a strength reduction

factor, the problem is to compute the ductility level
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For a given ground acceleration time history, a R-u-T spectrum can be

constructed by plotting the strength reduction factors of a family of SDOF

systems (with different periods of vibrations) undergoing different levels of

inelastic deformation, i.e., ductility factors when subjected to the same ground

motion.

While

obtaining the R-p-T relation for earthquakes, the following

methodology can be used.

1.

10.

Define the ground motion, U, (t).

Select and fix damping ratio, C .
Select and fix mass, m.
Select a value of ductility factor, p.

Determine the natural period, Th.

Determine the elastic response of corresponding linear SDOF

system, U,.

Calculate the peak seismic force of corresponding linear system,

f, =k-u,.

Select a strength reduction factor, R, then calculate yield

strength, f, =R-f,.

Solve the equation of motion and calculate peak deformation, up,.
According to this deformation response, calculate new ductility

factor, W, -
If u,., isnotequal to p, change R and repeat steps 8 to 10.

Otherwise, go to stepl1.
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11. Repeat steps 5 to 11 for a range of T, resulting in the spectrum

valid for the p value chosen in step 4.
12. Repeat steps 4 to 12 for several values of .

A typical R-p-T spectra is shown in Figure 3.13 below.
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Figure 3.14 : R-p-T spectra for Erzincan Earthquake, EW component

3.3.3 Calculating Seismic Demand of a Nonlinear SDOF System

The maximum inelastic displacement of an elastoplastic system under a
specific strong ground motion record can be calculated by using the R-p-T
spectra of the earthquake ground motion. In other words, for a known period, T,
and strength reduction factor, R, ductility factor, u, can be calculated. Then by
multiplying calculated ductility factor, p, with yield displacement, uy, maximum

inelastic response, up,, can be obtained.

u, =H-u, (3.11)
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3.3.4 Numerical Examples

Figure 3.15 shows a comparison between inelastic spectrum of Erzincan
carthquake EW component and nonlinear spectra of DPR for T,=2 sec, A=1 m/s’
and t4=1.63 sec. It is observed from this figure that first contact of capacity curve
with nonlinear pull spectra is obtained when p of pull spectrum is equal to 5.40
Multiplying the obtained with u,=0.063 m leads to u,=0.339m. This is exactly
equal to the inelastic displacement demand obtained from response history

analysis under Erzincan EW ground excitation.

This simple example demonstrates that R-pu-T relation of earthquakes can
be safely used for estimating the peak response of nonlinear SDOF systems

accurately.

Spectral Acceleration (m/S)

Spectral Displacerment (cm)

Figure 3.15 : Intersection of capacity spectrum with nonlinear DPA spectra

3.4 Linear Multi Degree of Freedom Systems

Linear response curve, which is used as a term for defining force-
deformation relations of linear MDOF systems in DPA, can be obtained by
extracting relevant response quantities from analysis database of simple linear
time history analysis under pull excitation. This obtained curve represents the

overall stiffness of the system since effects of all dynamic modes are included
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simultaneously during the dynamic pull analysis (Section 2.2.1). Therefore,
linear response curve of MDOF system becomes a resultant curve of dynamic
analysis at each time increment. However, since modal contributions under pull
and earthquake excitations are not equal, different displacement shapes are
obtained at equal control node displacements. This issue is discussed in the

following sections.

3.4.1 Numerical Examples

Compared in this section of thesis are the earthquake-induced responses
for the twelve storey-building frames determined by two linear analyses:
Response Spectrum Analysis (RSA) and Dynamic Pull Analysis (DPA). Drain-
2DX (Allahabadi, 1987) is used for analyzing elastic case study frame. Detailed
definition of twelve-storey frame can be found in Chapter 4, and dynamic

properties of frame are listed in Table 4.4.

DPA and linear time history analysis (LTHA) may be compared at equal
maximum roof displacement. For simulating this situation, DPA demand target
displacement is obtained from spectral modal analysis, same as the maximum
displacement demand obtained from Erzincan earthquake EW component. This
situation allows us to compare the modal contributions of each method. Figure

3.16 presents the response histories of roof displacement.

As suggested by Equation (2.10), the modal floor displacements are
proportional to the mode shapes since the system remains elastic. Figure 3.17
and Figure 3.18 illustrate the variation of floor displacement and storey drift
ratios from LTHA and DPA for first three modal responses and all modes
responses separately. According to these figures, it is observed that DPA
overestimates the first mode response. In addition, storey displacement profiles

of second and third mode are different from exact response. Therefore, we can
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conclude that in DPA errors arise from not capturing the modal contributions

accurately.

In conclusion, the accuracy of predictions of DPA depends on ground
motion characteristics and structural properties as well as the inherent limitations
of procedure like using generalized SDOF system approximation for MDOF
systems. Larger difference in storey displacement profile and storey drift ratio
profile show that the DPA would be less reliable in estimating the seismic
demand of elastic MDOF systems. For this reason, it is suggested for linear
elastic MDOF systems to use RSA for estimating absolute peak displacement

response.

3.5 Nonlinear Multi Degree of Freedom Systems

Dynamic Pull Analysis (DPA) consists of nonlinear time history analysis
(NLTHA) to obtain the force-deformation relation of the MDOF system. Two or
three-dimensional mathematical model which includes nonlinear load
deformation diagrams of all force resisting elements is first created and gravity
loads are applied initially. A predefined artificial acceleration time history
record, DPR, is then applied to the model as ground acceleration. A major
property of DPR is that at each time step acceleration component of record
increases homogenously. After a certain time step, some of the members start to
yield. Then structural model is modified according to nonlinear load deformation
diagrams of members that results in a reduced global stiffness of the structure.
Procedure continues until a control displacement at the top of the building
reaches a target level or structure becomes unstable. The roof displacement is
plotted with base shear to obtain the global capacity curve of the structure.
Therefore, seismic demand can be estimated with the methodology introduced
for nonlinear SDOF systems in Section 3.3 by using the idealized or bilinear

capacity curve of the equivalent SDOF system.
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Figure 3.16 : Response histories of roof displacements from LTHA (Erzincan EQ

EW component) and DPA: First three modal responses and total (all modes)

responses.
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Figure 3.17 : Variation of floor displacements from LTHA (Erzincan earthquake EW

component) and DPA
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Bilinearization procedure that is explained in FEMA-356 (2000) is used
for obtaining the generalized SDOF system representations of MDOF systems.
According to this procedure, the nonlinear force displacement relationship
between base shear and displacement of the control node shall be replaced with
an idealized bilinear relationship to calculate stiffness, ko, and yield strength,
Viy, of generalized SDOF system. This relationship shall be bilinear, with initial
slope k, and post-yield slope o, Line segments on the idealized force
displacement curve shall be located by using an iterative graphical procedure that
approximately balances the area above and below the curve. The effective lateral
stiffness, kg, shall be taken as the secant stiftness calculated at a base shear force
equal to 60% of the effective yield strength of the structure. The post-yield slope,
ag, shall be determined by a line segment that passes through the actual curve at
the calculated target displacement. The yield strength shall not be taken as
greater than the maximum base shear force at any point along the actual curve
(Figure 3.19). An algorithm which is also used in thesis study can be found in

Appendix A for obtaining accurate SDOF representations of MDOF systems.
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o
4t

“Actual
V

by

k.
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Figure 3.19 : Idealization of pushover curve

63



Therefore, the nonlinear MDOF systems can be described with
generalized nonlinear SDOF systems with the following parameters: T, (elastic
period), €, (damping), either of M, (mass) or k, (initial stiffness of bilinear
curve) and o, (the post-yield slope). The bilinear capacity curves of generalized
SDOF systems can be converted into ADRS format by using the equations

below.
(3.12)

where,

W is the total weight of the system.

3.5.1 Influencing Parameters

The accuracy of DPA depends strongly on how well various structural
aspects of the MDOF systems are represented by corresponding generalized
SDOF systems. However, preliminary evaluations of DPA show that generalized
SDOF system approximation is affected by two problems which are the selection
of target displacement while obtaining idealized curve and selection of A, the

slope of DPR.

Figure 3.20 shows how the selection of target displacement affects the
generalized SDOF system parameters of the same MDOF system. We can
observe from this figure that selection of target displacement affects the
parameters of generalized SDOF system significantly. Now the problem is to
identify which one is more representative than the others. To solve this
uncertainty, an iterative solution strategy is introduced while calculating the
target displacement with DPA. Steps of iterative implementation are explained

below.
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1. Assume a trial target displacement so that area under the capacity
curve can be calculated.
2. Obtain bilinear curve that satisfies the FEMA-356 bilinearization
criteria.
3. Compute target displacement by using DPA.
4. Repeat steps 2 to 4 until the target displacement is equal to the
value in the previous iteration.
This iterative process indicates that all generalized SDOF systems of
nonlinear MDOF systems are also ground motion dependent. In other words,
same nonlinear MDOF system may have different representative generalized

SDOF systems for different ground motions.

1800
1600 Run1 e
1400 - Run?2
1200 4 Runl Run2 Run3
é Run3 Uoem) : 70 40 20
g 1000 uy(em : 1224 1122 753
& 8004 Viy &N) : 1398 1324 1000
g 00 K, (KN/m): 11417 11798 13275
0@ : 522 792 2590
400 - T,Gec) : 216 212 2.00
200
0 ; ; ; ;
0.00 0.10 0.20 0.30 0.40 0.50 0.60
Roof Displacement (nt.)

Figure 3.20 : Generalized SDOF system curves with different target

displacements of same MDOF system.

Selection of A, the slope of DPR, is another observed problem affecting the
accuracy of DPA. Because A changes the shape of capacity curve of MDOF
systems. Figure 3.21 shows the capacity curves of case study frames which are
obtained from DPA based on different A values. It is observed from Figure 3.21

that for selecting values of A smaller or equal to 0.1, A <0.1, capacity curves
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overlap each other for both frames; i.e., effect of A on the capacity curve of
MDOF system is not significant. Causes of this situation can be explained by the
help of acceleration, velocity and displacement response spectra in a numerical

example. In this numerical example, peak acceleration, i of DPR is fixed to

gmax >
10 m/s® and four different A values (0.01, 0.1, 1 and 10 m/s®) are selected to
demonstrate the effect of A on elastic 5% damped response spectra. According
to Figure 3.22 which shows the response spectra results of different DPRs on
same graph, when A has a value smaller than 1, all spectra of DPRs yield
approximately same results. We can conclude that, responses of same systems
become identical if A is less than or equal to 0.1. For this reason, it is suggested
to use A <0.1 for DPA to eliminate the effect of A on MDOF system to obtain

more consistent results.
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Figure 3.21 : Obtained capacity curves of case study frames with different A

values a) Six storey building frame b) Twelve storey building frame
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3.5.2 Calculating the Seismic Demand of a Nonlinear MDOF System with
DPA

The absolute peak inelastic displacement response of nonlinecar MDOF
systems to earthquake excitation can be estimated by employing a generalized
SDOF system which is summarized next as a sequence of steps. Results of

numerical examples and discussion of results are presented in Chapter 4.

1. Model the structure by accounting for cracked section stiffnesses
for concrete members (Appendix B).

2. Apply “Dynamic Pull Record” (DPR) with selecting (A <0.1).

3. Develop capacity curve from the results of DPR.

4. Construct a bilinear representation of capacity curve by using an
initial guess for target displacement (Appendix A).

5. Convert the bilinear capacity curve and 5% damped elastic
earthquake spectrum into ADRS format, and calculate yield
strength reduction factor, R (Figure 3.23), where.

stade—mand (3.13)

Sa yields

In Equation (3.13), Sayiciq 1s the spectral acceleration value of
capacity curve at yielding, and Sagemang 1S spectral acceleration value
of the intersection of both linear elastic stiffness spectrum and

demand spectrum of earthquake in the ADRS format.

6. Calculate natural vibration period, T,, and post yielding strain
hardening ratio, a4, of generalized SDOF system (Figure 3.19).

T .. 2m (3.14)
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_ (Vbo - be)

(uro — Uy

o, (3.15)

where
T, is the period of generalized SDOF system (sec).

a,is post yielding strain hardening ratio of the generalized

SDOF system (kN/mt.).
Vyy is estimated yield base shear of MDOF system (kN).

Vi, 18 the estimated linear elastic base shear demand of MDOF

system at target displacement (kN).
U,y 1s the yield displacement value of bilinear capacity curve (m.)
Uy, 18 the target displacement value of bilinear capacity curve (m.)

M, is the total mass of building (ton).

1.5 &
@ R=4.21
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= 14
g Sademand
'g 0.813
> R

0.5 Sayield
i 0.193 Capacity Curve
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Figure 3.23 : Calculation of yield strength reduction factor, R

7. Develop earthquake specific R-u-T relation by including the

effect of post yielding strain hardening ratio, o .
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8. Obtain the ductility level, u, by using earthquake specific R-u-T

relation.
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Figure 3.24 : Obtaining the ductility factor for generalized SDOF system

9. Calculate the maximum response of MDOF system from
following formula.

u,=u-u (3.16)
ro ry
where

u is the calculated ductility demand from earthquake specific R-

p-T spectra.

10. If calculated response of MDOF system is not equal to initial
guess of target displacement, repeat the steps 4 to 10 by updating
the initial guess of target displacement with the displacement

value that is calculated at step 9.
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11. Obtain the desired results of MDOF responses from dynamic pull

analysis database at calculated seismic response.
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CHAPTER 4

CASE STUDIES

4.1 Introduction

In this section, “Dynamic Pull Analysis” is applied to a six-story and a
twelve-story reinforced concrete frames that are designed according to the
regulations of TS-500 (2000) and TEC (1997). The results of DPA are compared
with the results of several nonlinear static procedures, which are modal pushover
analysis (Chopra and Goel, 2001), constant ductility spectrum method (Chopra
and Goel, 1999), displacement coefficient method (FEMA-356, 2000), and
nonlinear time history analysis. The last method is assumed to be exact through
the study, and used as a reference to test the accuracy of the other methods.
Several near-fault ground motion records that have significant velocity and
acceleration pulses have been used to test the validity of the proposed method in

the nonlinear response range.

4.2 Description of Buildings
4.2.1 Six Story Building

Six-story structure is designed as a residential building according to the

regulations of TS-500 (2000) and TEC (1997). The building is designed for a
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strength reduction factor of 4 and it is located in seismic zone 1 with local site

class Z3 according to TEC (1997) (Figure 4.1).

Figure 4.1 : 3- D view o six-story building

Concrete C25 and steel S420 are used in the design. No shearwall are
employed in the framing system. Slabs thicknesses are 14 cm in all the floors.
Total mass of building is 1200 tons. All column and beam dimensions are
presented in Table 4.1. Height of the first story is 4 m., others are 3 mt (Figure
4.3). The floor plan of the building is shown in Figure 4.2. As can be seen from
this figure, the building is symmetrical about both orthogonal axes. The
anticipated failure mechanism is a beam mechanism according to the regulations

of TEC (1997).

Table 4.1 : Section and mass properties of six-storey building

Beam Column
Story Depth Width Depth Width Mass (t)
(cm) (cm) (cm) (cm)
1-5 55 30 50 50 202.4
6 55 30 50 50 188.0
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Figure 4.2 : Structural plan view of the six story building

The building is modeled in 2-D using the frame axes C and D (Figure
4.2) due to symmetry in both directions. 2-D model of the building is shown in
Figure 4.3. Second order effects are not considered in both linear and nonlinear
analyses. For all nonlinear analysis, moment curvature diagrams of all members
are considered as elasto-plastic (a small strain hardening is used in the post
elastic range). Rigid floor diaphragms are assigned at each storey level and
seismic mass of the frames are lumped at the mass center of each storey.
Detailed explanation about modelling with Drain-2DX (Allahabadi, 1987) and

calculating moment curvature relations of members can be found in Appendix B.
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Rayleigh damping ratio of 5% is set for the first and fourth mode. Dynamic
properties of the frame are listed in Table 4.2.

im

im

Im

im

im

4m

6 m 4m 6 m fm 4m 6 m
Figure 4.3 : 2-D model of six-story building
Table 4.2 : Modal periods and mode shapes of the six storey frame
Modal Properties Mode
1 2 3

Period (sec.) 0.94 0.29 0.16
Modal Participation Factor 1.26 -0.38 0.18
Modal Mass Factor (%) 89.32 8.46 2.22
Damping (%) 5.00 2.93 3.60
. 1 0.28 0.73 -0.98
3 2 0.49 1.00 -0.60
& £ 3 0.68 0.78 0.51
§ g' 4 0.83 0.20 1.00
s < 5 0.94 -0.49 0.25
Roof 1.00 -1.00 -0.91
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4.2.1 Twelve Story Building

This twelve-story structure is designed as a residential building according
to the regulations of TS-500 (2000) and TEC (1997). The building is designed
for a strength reduction factor 4, structure located in seismic zone 1 with local

site class Z3 according to TEC (1997) (Figure 4.4).

AU A AN AR
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|

Figure 4.4 : 3- D view of the twelve-story building

Concrete C25 and steel S420 are used in the design. No shearwall are
employed in the framing system. Slabs thicknesses are 14 cm at all floors. Total
mass of the building is 2696.84 tons. All column and beam dimensions are given

in Table 4.3. Height of the first story is 4 m and other stories are 3.2 m (Figure
4.5).
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Table 4.3 : Section and mass properties of twelve storey building

Beam Column
Story | Depth Width Depth Width Mass (t)
(cm) (cm) (cm) (cm)
1-4 55 30 60 60 237.34
5-8 50 30 55 55 225.78
9-11 45 30 50 50 214.84
12 45 30 50 50 199.84

The floor plan of the building is shown in Figure 4.2. Structural floor

plan is same as the six storey frame. For this reason same modeling assumptions

for 2-D modelling are also valid for this system. The anticipated failure

mechanism is a beam mechanism according to the regulations of TEC (1997). 2-

D model of the frame system is illustrated in Figure 4.5. Rayleigh damping ratio

of 5% is set for the first and fifth mode. Dynamic properties of the frame are

listed in Table 4.4.

Table 4.4 : Periods and mode shapes of twelve story frame

Modal Properties Mode

1 2 3 4
Period (sec.) 1.95 0.70 0.40 0.26
Modal Participation Factor 1.36 -0.56 0.31 -0.20
Modal Mass Factor (%) 77.75 12.54 4.49 1.95
Damping (%) 5.00 2.86 3.09 3.92
1 -0.08 -0.23 -0.42 0.56
2 -0.17 -0.47 -0.76 0.85
-qu; 3 -0.26 -0.66 -0.89 0.66
= 4 -0.36 -0.79 -0.76 0.07
g 5 -0.46 -0.83 -0.35 -0.64
:E 6 -0.56 -0.76 0.23 -0.95
3 7 -0.66 -0.59 0.73 -0.58
7 8 -0.75 -0.32 0.97 0.22
< 9 -0.83 0.04 0.80 0.95
> 10 -0.91 0.45 0.23 0.88
11 -0.97 0.78 -0.46 0.01
Roof -1.00 1.00 -1.00 -1.00
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Figure 4.5 : 2-D model of twelve-story building

4.3 Earthquake Ground Motions

Ground motions recorded close to a ruptured fault can be significantly
different from those observed further away from the seismic source. The near-

fault zone is typically assumed to be restricted to within a distance of about 20
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km from the ruptured fault. In the near fault zone, ground motions at a particular
site are significantly influenced by the rapture mechanism and slip direction
relative to the site and permanent ground displacement at the site resulting from

tectonic movement (Rodrigez-Marek, 2000).

In this study, the seismic excitation is defined by a set of three near fault
strong motion records listed in Table 4.5. These ground motions were obtained
from PEER earthquake database (2005) recorded at distances of 12 to 21 km on
NEHRP soil class D. The ground acceleration, velocity and displacement time
histories of the near fault records are shown in Figure 4.6 to Figure 4.8,
respectively. The constant-ductility pseudo-acceleration and yield-deformation
spectra for each of these ground motions for ductility factor p =1 (elastic), 2, 4,
and 6 are shown in Figure 4.6¢c to Figure 4.8c. These inelastic spectra were

developed for bilinear SDOF systems with zero post-yield stiffness.

Table 4.5 : Earthquake ground motion employed in the study

Earthquake | Station . R PGA PGV
Name Name Comp. | Date | Mechanism (km) |(m/sec’)| (cm/sec)
Erzincan |Erzincan| EW 13.3.92 | Strike-Slip | 12.71| 5.05 83.95
Northridge | Rinaldi | 228° | 17.1.94 Reverse |20.62| 8.09 160.10
Northridge | Sylmar 52° 17.1.94 Reverse 21.87| 6.01 117.42
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Figure 4.6 : a) Acceleration time history b) Velocity time history c¢) Elastic and

inelastic spectra of Erzincan EW component
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4.4 Comparative Evaluation of Nonlinear MDOF Systems

Compared in this section of thesis are the earthquake-induced demands
for the six- storey and twelve storey-building frames determined by five different
procedures: displacement coefficient method (FEMA-356, 2000), constant
ductility spectra method (Chopra and Goel, 1999), modal pushover analysis
(Chopra and Goel, 2001), dynamic pull analysis and nonlinear time history
analysis. Gravity load effects were included in all analyses. Capacity curves were
obtained by performing pushover analyses and nonlinear time history analyses
using Drain-2DX (Allahabadi, 1987). At target displacement, storey
displacement, inter-storey drift ratio, capacity curves and plastic hinge rotation
demands for all methods were extracted from the analysis database and
compared with the results of nonlinear time history analysis which was assumed
as exact. Errors involved in response quantities from each method were

calculated with respect to exact demands to check the accuracy of predictions.

4.4.1 Comparison of Displacement Demands

Target displacement represents the estimated maximum displacement
demand of MDOF system when subjected to the strong ground motion. Accurate
estimation of target displacement is important, because all force and deformation
demands at the target value are compared with available capacities of system for

controlling the condition of structure.

Target displacement results of known approximate procedures,
constant ductility spectra method (CDS), displacement coefficient method
(FEMA), modal pushover analysis (MPA), the proposed method which is
called dynamic pull analysis (DPA) and nonlinear time history analysis

(NLTHA), which is assumed to be the exact reference, are presented in Table
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4.6 and Table 4.7. In addition, error profiles of calculated target displacements

with reference to NLTHA results are illustrated in Figure 4.9 and Figure 4.10.

Table 4.6 : Target displacement results from each method for six-storey building

frame (All results are in m.)

EQ Station | Records | NLTH | FEMA | CDS | MPA | DPA
Erzincan | Erzincan E-W 0.234 0.170 ]0.303 | 0.274 | 0.254
Northridge | Rinaldi 228 0.294 | 0.541 [0.417]0.346 | 0.341
Northridge [ Sylmar 52 0.326 0.428 |0.480 ] 0.342 | 0.340
Table 4.7 : Target displacement results from each method for twelve-storey

building frame (All results are in m.)

EQ Station | Records | NLTH | FEMA | CDS | MPA | DPA
Erzincan | Erzincan E-W 0.271 0.495 10.450|0.413 |0.274
Northridge | Rinaldi 228 0.577 0.751 |0.873]0.724 | 0.677
Northridge | Sylmar 52 0.663 0.782 |0.887 | 0.768 | 0.572
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Figure 4.9 : Error profiles of target displacements for six storey building frame
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Figure 4.10 : Error profiles of target displacements for twelve storey building

frame

The following observations can be made from the target displacement

predictions.

e Results of comparison of target displacements with nonlinear
time history analysis indicate that MPA and DPA give more
accurate probable maximum roof displacement results than other

nonlinear static procedures.

e Displacement coefficient method and constant ductility spectrum
method results in overestimation of target displacement in

inelastic range for most of the cases.

4.4.2 Comparison of Capacity Curves

Capacity curve which is expressed as the base shear versus roof

displacement relation for MDOF systems represents the global nonlinear
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response of a structure. Capacity curves for each method are obtained from the
analyses database. The dynamic capacity curves for each ground motion are also
included in the figures to make comparison of dynamic capacity curves with

ones obtained from other methods (Figure 4.11 and Figure 4.12).

In the actual methodology of modal pushover analysis (Chopra and Goel,
2001), there is no need to represent the capacity curve of structure. However, to
make an appropriate comparison, capacity curve of the method is developed. In
obtaining the capacity curve for MPA, each strong ground motion record was
multiplied with ten equally divided scale factors which vary from 0.1 to 1.0. By
using the displacement response of MPA obtained from scaled earthquakes, base
shear capacities were extracted from pushover database. Finally all results of
selected modes were combined by SRSS to develop an overall capacity curve for

each earthquake response and each case study frames.

In all cases, roof displacement is normalized with respect to total height
of the frame and base shear is normalized with respect to the total seismic weight

of frames.
Following observations can be made from obtained capacity curves.

e In most of the cases of twelve storey-building frames, capacity

curve of MPA yielded higher base shear capacity.

e In all of the cases of both six storey and twelve storey-building

frames, capacity curve of DPA yielded higher initial stiffness.

e In all of the cases of both frames, capacity curve of FEMA-356

underestimates the base shear capacity of frames.

e (apacity curve of DPA which is also a dynamic capacity curve
covers the dynamic capacity curve of earthquakes in most of the

cases.
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Figure 4.11 : Capacity curves for the six-storey frame. a) Erzincan-EW

b) Rinaldi-228° ¢) Sylmar-52°
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4.4.3 Comparison of Storey Displacement Profiles and Interstorey Drift

Ratios

In this section, storey displacements and interstory drift ratios from
different methods are compared with the exact dynamic behaviour at maximum
displacement response. All storey displacement and interstory drift profiles were
obtained from analyses database at the associated target displacement of each

method.

Story displacement profiles and interstory drift ratio distributions of

frames are presented in Figure 4.13 to Figure 4.16.

According to the results obtained from case studies, the following

observations can be made.

e For the six storey building frame, MPA and DPA capture exact
storey displacement more accurately than the displacement

coefficient method and constant ductility spectrum method.

e For the twelve storey building frame, DPA captures exact storey
displacements more accurately than the nonlinear static

procedures.

e Error in storey displacement profile estimations under any
earthquake increases in all methods when the number of stories

increases.

e For the twelve storey building frame, the proposed procedure
generally overestimates the interstory drift ratios in the first two

floors.

e In the comparison of nonlinear static procedures, MPA gives

more accurate results than the displacement coefficient method
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and constant ductility spectrum method because of including

higher mode effects.

First mode alone, which is the basis for pushover analyses
procedures currently used in performance based earthquake
engineering practice, does not adequately estimate the seismic

demand.

For the six storey frame, interstory drift ratios and its distribution
over the frame for all strong ground motions are very similar. In
contrary, no clear trend was observed for the twelve storey
building frame. The difference in due to dominance of first mode

in the six storey frame.
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Figure 4.15 : Storey displacement of twelve-storey frame at the associated target
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4.4.4 Comparison of Plastic Hinge Patterns and Rotations

Observing the plastic hinge distribution patterns in the structure is
important. Because each hinge location shows the weakness of members and
failure potential that the system would experience under earthquake excitation.
In this section, plastic hinge distributions obtained from each method at the
associated target displacement are illustrated in Figure 4.17 to Figure 4.25. In
addition, mean values of storey plastic hinge rotations obtained from each
method for each earthquake response are also illustrated in Figure 4.26 to Figure
4.29. These figures are plotted for the storey mean values obtained in beams and

columns separately.

The guidelines for the assessment of the structures published by the
Applied Technology Council (ATC-40, 1996) and Federal Emergency
Management Agency (FEMA-356, 2000) have similar detailed vulnerability
assessment procedures. These procedures propose similar plastic rotation limits
for the three limit states, namely “Immediate Occupancy” (10), “Life Safety”
(LS), “Collapse Prevention” (CP) (Structural stability, SS, in case of ATC-40).
The maximum plastic rotation attained by a member under given ground motion
is compared with these plastic rotation limits and performance of that member
end under each earthquake ground motion is assessed. The plastic rotation limits
differ according to type, predominant failure mode and ductility characteristics
of the member. The calculated plastic rotation limits according to FEMA-356
(2000) criteria for the case study frames are presented in Table 4.8. According to
these limits, different hinge symbols which are also listed in Table 4.8 are used

in the displaying the plastic hinge pattern.
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Table 4.8 : Plastic hinge rotation limits for reinforced columns and beams in

case study frames (All values are in rad.)

Immediate | Immediate Life Safety Collap§e Failure

Occupancy | Occupancy Prevention

10 (Null ) 10 (+) LS (O) CP (®) F(X)
Column <0 <0.005 0.015 0.020 >0.020
Beam <0 <0.010 0.020 0.025 >(0.025

Following observations can be made from plastic hinge location

distributions;

For the six storey-building frame, DPA captures the exact plastic
hinge patterns more accurately than modal pushover analysis,

displacement coefficient method and constant ductility method.

For the six storey building frame columns, DPA and MPA
estimate the mean values of storey plastic hinge more accurately

than the other two nonlinear static procedures.

For the six storey and the twelve storey building frame beams,
only DPA estimates are close enough to exact response. The other

procedures overestimate the plastic hinge rotations.

For the twelve storey building frame, only the plastic hinge
pattern of DPA resembles the plastic hinge pattern of NLTHA.
The other procedures foresee more plastic hinges especially at

upper floors.

For the twelve storey building frame columns, DPA generally
overestimates the mean value of plastic rotation in the first storey
whereas the other methods significantly underestimate the first
storey column plastic rotations. However, in the upper stories, all
methods have similar plastic hinge rotation predictions since

plastic column rotations are very small in upper stories.
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Figure 4.26 : Mean storey plastic hinge rotation results for column ends in the
six-storey frame a) Erzincan-EW b) Rinaldi-228° ¢) Sylmar-52°
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CHAPTER 5

SUMMARY and CONCLUSIONS

5.1 Summary

A simple nonlinear dynamic analysis procedure called “Dynamic Pull
Analysis” for estimating, the seismic response of multi degree of freedom
(MDOF) systems is proposed. Proposed method employs simple inelastic
dynamic analysis for calculating the seismic capacity, and a generalized SDOF
system approach for calculating the seismic demand. The procedure is applied on
a six-story reinforced concrete frame and a twelve-story reinforced concrete
frame that were designed according to the regulations of TS-500 (2000) and TEC
(1997). The results obtained from the proposed procedure were compared with
the results of nonlinear static procedures, which are constant ductility spectrum
method (Chopra and Goel, 1999), displacement coefficient method (FEMA-356,
2000) and modal pushover analysis (Chopra and Goel, 2001) obtained under
several near-fault ground motion records that have significant velocity and
acceleration pulses. These frames were also analyzed by the nonlinear time
history analysis under the same ground motions, where the results are used as
reference to other methods. Mainly, the deformation demand, interstory drift
profiles, base shear capacity, plastic hinge patterns and plastic hinge rotations are

examined in detail. Estimated displacement profiles, interstory drifts, plastic
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hinge rotations and patterns were used for deciding on procedure acceptability

and accuracy. All nonlinear static analyses and time history analyses were

conducted by using the software Drain-2DX (Allahabadi, 1987).

5.2 Conclusions

The following conclusions are derived from the results obtained in this

study. In the following paragraphs, the results of this study will be briefly

discussed and the conclusions of the study will be drawn. These conclusions are

based on the numerical analyses and literature survey carried out in this study.

The accuracy of predictions of DPA depend on ground motion
characteristics and structural properties as well as the inherent
limitations of procedure like using generalized SDOF system

approximation for MDOF systems.

Preliminary evaluations of DPA for nonlinear MDOF systems
show that generalized SDOF system approximation is affected by
two problems which are the selection of target displacement
while obtaining idealized curve and selection of A, the slope of
DPR. An iterative implementation is introduced for solving the
selection of target displacement problem which affects the shape
of capacity curve. In addition, it is suggested to use A <0.1 for
DPA to eliminate the effect of A on MDOF system to obtain

more consistent results.

According to target displacement predictions of nonlinear case
study frames, DPA and MPA (Chopra and Goel, 2001) estimate
the probable maximum roof displacements for different near fault
ground motion records more accurately than the other nonlinear

static procedures which are Displacement Coefficient Method
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(FEMA-356, 2000) and Constant Ductility Spectrum Method
(Chopra and Goel, 1999). DPA and MPA gives more closer
results to exact roof displacement under specific earthquake
excitation than other nonlinear static procedures because of
including effects of higher mode responses to their solution

strategy.

For analyzing nonlinear MDOF systems, DPA may avoid the
engineers from the problem of selecting push pattern. Because all
desired response quantities can be obtained by including the
entire mode effects in applying a simple acceleration pulse

record, DPR.

Observation of capacity curve plots demonstrate that DPA curve
possess higher initial stiffness. Because all modes contribute to

the force-deformation response of the system.

Although proposed procedure gives more closer results to exact
response quantities, it usually overestimates the storey
displacement demands at lower stories whereas the other methods

underestimate the same response.

Plastic hinge pattern of DPA resembles the hinge pattern of
nonlinear time history analysis very successfully. The other

procedures foresee more plastic hinges especially at upper stories.

Only the plastic hinge rotations estimated by DPA are close
enough to exact response of beams and columns of the case study
frames, compared to all nonlinear static procedures. It should be
noted that the basic response parameter in nonlinear seismic

assessment is plastic rotation.
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5.3 Future Studies

In this study, only two reinforced structure frames and a limited number
of strong ground motion records were used. A parametric study containing a
larger number of frames with a large number of fundamental periods under a
wider set of ground motions will show the accuracy of method better. In
addition, validity and applicability of the proposed method is tested on 2-D
frames. For this reason, the idea developed through the thesis work may be
extended to 3-D. Implementation of the developed procedure on a computer
software can be very useful, since it would enable the processing of the DPA

procedure in a much shorter time.
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APPENDIX A

BILINEARIZATION PROCESS OF FEMA-273

In Appendix A, a simple procedure which is proposed by Chopra and
Goel (2001) is explained step by step for obtaining bilinear capacity curve.

1. Apply force distribution incrementally and record the base shears
and associated roof displacements. System should push beyond
the target roof displacement in the selected mode.

2. Define the anchor point, B, of the bilinear curve at the target roof
displacement u,,, and Vyy, are the base shear at point B

3. By using any type of integration method, calculate the area under
the actual pushover curve, Ay,

4. Estimate the yield base shear, Vibny

5. According to FEMA-273 procedure, calculate the initial slope, k'
and uimy of idealize curve by connecting a straight line between
point O and point Vyny 06 Which gives the secant stiffness at the
base shear equals to 60% of the yield base shear
i 0.6‘- Ving

1
Uin06

(A.1)
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6. Draw the curve OAB by connecting the three points, O, A, B with

straight line segments to obtain idealized bilinear curve

Vbn
'
Idealized
f
Vbno / B
A/ _irfra’* k.
Vv,
bny \Actual
0.6 x vbn
Kk
n
1 a1 aps
u
d - rn
urn:O.s urn ¥ urn e}

Figure A.1: Idealization of pushover curve

Calculate the post yielding strain-hardening ratio, o’y

v,

bno

_Vki)ny)_l

i

- | (A3)
(ubno - uLny) -1

7. Calculate area under new bilinearized curve, OAB, Ay,

(V. - Vi)-1
) _ Yiono ib“y) (A.4)
(ubno _ubny)_1
8. Calculate error, E;
Al —A
E:M.loo (A.5)
AL,

9. If error does not exceed some pre-specified tolerance, bilinearized

curve is acceptable, if not iterations are necessary.
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If not calculate,

| A,
Viry = Viny - (—5) (A.6)

10. And replace i+1 with i, recalculate steps 5 to 10
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APPENDIX B

MODELLING WITH DRAIN-2DX

B.1 Modelling with Drain-2DX

In this study for the modelling purpose, DRAIN-2DX (Allahabadi, 1987)
which is a general-purpose computer program for static and dynamic analysis of
inelastic plane structures is used. By the help of this program nonlinear static and
nonlinear time history analyses can be performed. Mode shapes and periods can
be calculated for any stressed state of structure. Linear response spectrum

analyses can also be performed for the unstressed state.

DRAIN-2DX contains six types of frame element models. The

description of element models is as follows (Powel, 1993):

Type 01:  Truss Element to model truss bars, simple columns and nonlinear

support springs

Type 02:  Beam-Column Element to model beams and beam-columns of
steel and reinforced concrete type by using lumped plasticity

approach.
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Type 04:  Simple Inelastic Connection Element to model structural

connections with rotational and/or translational flexibility

Type 06:  Elastic panel element to model only elastic behavior of
rectangular panels with extensional, bending and/or shear

stiffness.

Type 09:  Link Element to model inelastic bar element with initial gap or

axial force.

Type 15:  Fiber Beam-Column Element to model inelastic steel, reinforced

concrete and composite steel-concrete members.

elastic-plastic component Mode I
(elastic element with non-hardening
plastic hinges) /L_‘
“"x - .1- L
N
Eigid Zong T Rigid Zone
. £ .___._--"".--.. 'h'

- \
‘\:Je I strain hardening component
) (simple elastic element)

Figure B.1 : Geometry of "Type 02" Element (Allahabadi, 1987)

For modelling the inelastic components of case studies, “Type 2”
element is used. According to user manual of program (Prakash et al 1993),
"Type 02" element consists of an elastic member with two rigid plastic hinges
that are defined at member ends and rigid end zones (Figure B.1). These hinges
represent nonlinear behaviour of members in other words; all nonlinearity is
concentrated on these member end plastic hinges. For beams, member specific

bilinear moment-curvature relationships (Figure B.2) for both positive and
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negative bending must be defined. For columns besides bending relationship,
member specific interaction diagrams that are composed of a series of straight-
line segments to idealized form of smooth interaction diagrams must be defined.
(Figure B.3) The behavior in shear is assumed to be elastic and it is not possible
to consider nonlinear shear effects. That means all nonlinear calculations are
carried by using moment values on members. In addition, inelastic axial force

effect neglected.

Moment
1 Complete
__—~=" Element

My - .2 Elastic-plastic

o Component

;;/ 3 . Elastic

Component

s
T,

#

Curvane

Figure B.2 : Moment-Curvature Relationship of "Type 02" Element (Allahabadi,
1987)

For defining the structural system in DRAIN-2DX, a formatted input file
must be filled. This file contains geometry, mass distribution, strength, stiffness
and loading data of the structure and appropriate inelastic parameters that are
interaction diagram and moment curvature diagram of structural members. After
preparing the input file, just adding the simple commands end of file, any type of
analysis like pushover analysis, nonlinear time history analysis, eigenvalues
analysis etc. can be conducted. However, it is suggested that especially before
starting any type of nonlinear analysis, gravity analysis must be carried to obtain
more realistic results. In this segment of analysis, only defined gravity loads are
applied to system. Moreover, for an analysis option, geometric nonlinearity can
be considered through P-delta effects by adding a geometric stiffness matrix to

the stiffness matrix of each element. The geometric stiffness matrix is changed at
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each event in a pushover analysis and time history analyses. Nevertheless, in this
study, this second order effect is not considered thorough the analysis of case
study frames. More detailed explanation about preparing input file and element

descriptions can be found in user manual (Prakash et al 1993).

A Axial Load

~ Moment

Figure B.3 : Reinforced Concrete Column Interaction Diagrams of Columns for

"Type 02" Element (Allahabadi, 1987)

The program performs the pushover analysis and time history analysis
after the analysis phase called the “Gravity” analysis. In the “Gravity” analysis,
the structure is analyzed under the gravity forces only. The program does not
continue for the pushover analysis if plastic hinges occur during the “Gravity”

analysis.

B.2 Plastic Hinge Calculation in Drain-2DX

In deformation-controlled pushover that is used in study and nonlinear
time history analysis is used in this study if flexural yielding occurs inside a step
or at the end of a step, the stiffness matrix has to be modified. The program only

considers yielding at the element ends due to flexure.
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B.2.1 Modification of Stiffness Matrix

The local stiffness matrix for a prismatic element with the degrees of

freedom is illustrated in Figure B.4.

A A
E— 0 0 -E= 0 0
L L
0 12EL 6L 0 -nEL~ ¢pL
L L I L
I I I I
0 6E— 4E=— 0 -6E— 2E=—
L? L L’ L
g2 0 0 A 0 0
L L
0 -12EBE+ 6L+ 0o 1EL _ep-L
L L’ L’ L’
0 6B~ 2pl 0 6B~ apl
L L L’
2 5
A 1 /]\ 4
3 6

Figure B.4 : Local degrees of freedom for a prismatic beam-column element

Drain 2DX is capable of making pushover analysis of structures
composed of elements with bilinear moment curvature relationship (Prakash et

al., 1992, Prakash et al., 1993).

In Figure B.2, line 1 is the moment curvature relation of the element. At
this stage, an assumption is made and the moment curvature relation (1) is
decomposed into components (2) and (3). After flexural yielding occurs at an
element end; considering only component 2, the stiffness matrix of the element is

reduced to a 5*5 matrix using the fact that the yielding end cannot carry moment
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any longer. 5*5 matrix is completed by adding a row and column of 0’s for the
yielding degree of freedom and modified 6*6 matrix for component 2 is formed.
The modified 6*6 matrices for elements with only I end yielding and with only J
end yielding are shown in Figure B.5 (a) and (b) respectively. For component 3,
the local stiffness matrix is formed using the EI value as the slope of line 3 (this
value is input to the program as strain hardening ratio). The two stiffness
matrices are added to calculate the final local stiffness matrix of the yielding

element.

If both ends of an element yield; for component 2 the stiffness matrix is
reduced to a 4*4 matrix using the fact that both ends can not carry moments any
longer; 2 rows and columns of 0’s are added to the 4*4 matrix to form the
modified stiffness matrix. The stiffness matrix of the element becomes the
stiffness matrix of a truss element; it is shown in Figure B.6. For component 3,
the local stiffness matrix is formed using the EI value as the slope of line 3. The
two stiffness matrices are added to calculate the final local stiffness matrix of the

yielding element.
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T T BT 0 0 ET 00
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0 0 0 0 0 0 I I
N A 0 3E— 3B~ 0 3E— 0
BT 0 0BT 0 0 L L
A
. | | EZ 0 0 E= 0 0
0 3E— 0 0 3E— -3E— L L
L L L’ I I I
: . : 0 B3E— 3E— 0 3E— 0
0 3E— 0 0 -3E— 3B L L L
L L 0 0 0 0 0 0
a) b)

Figure B.5 : The stiffness matrices for an element that flexural yielding occurs

a) at End I, b) at End J with the degrees of freedom in Figure B.1
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The new local stiffness matrices for the elements are used to form the
global stiffness matrices of the elements and the global stiffness matrices are
assembled to form the new stiffness matrix of the structure, and the new stiffness

matrix is used in the next step (if hinging occurs inside a step, in the rest of the

step).

Figure B.6 : The stiffness matrix for an element whose ends yield in flexure

B.2.2 Calculation of Plastic Rotations In Case Only One End Yields

The slope deflection equation for the I end of a prismatic element (Figure

B.7) is

M, = C -(2-el+ej+'T) (B.1)

Figure B.7 : Deformation of a prismatic element used in slope deflection

equation
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Considering component 2 of the moment curvature relation in Figure
B.2, M; stays constant after yielding (M;=0 for the inelastic range). Equating M;
to 0;

0, =——L-— (B.2)

In EgB.2, 6 is the rotation of the plastic hinge about the joint (Figure
B.8); the minus sign at the right hand side indicates that the rotation is clockwise.
In addition, the joint itself makes a rotation (component 3 contributes to that
rotation). Plastic rotation is equal to the sum of these rotations (Figure B.S8).

Plastic rotation in one step of the pushover analysis is equal to
61+f+—-(9J+—) (B.3)

Here, 6, and 0,are the increments of the joint rotations at the I and J

ends of the element respectively, and A is the increment in lateral displacement

between the J and I ends of the element (Figure B.6).

< <

011 -6L H(Ain-A)/L
+0.5%((0J;11-6Jp) H(Ain-A))/L)

<

ol (B;41-07)%0.5+1.5%(Ai41-A)/L
+] R
Deformed shape at step i Deformed shape at step i+1
(no yielding) (yielding at end I)

Figure B.8 : Calculation of plastic rotations in case only one end yields
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B.2.3 Calculation of Plastic Rotations In Case Both Ends Yields

The slope deflection equations for the I and J ends of a prismatic element

1S

2-E-1 3.A
M === (2:0,+0, +=—) (B.4)
MJ:2'E'I-(2-9J+91+3'TA) (B.5)

Considering component 2 of the moment curvature relation;

compatibility requires 0; to be equal to 0;, since the element will remain straight.

Equating My and M; to 0, 0; = 6; = -A/L (minus sign indicates that the
rotation is clockwise). This is the rotation of the plastic hinge about the joint
(Figure B.7). In addition, the joint itself makes a rotation (component 3

contributes to that rotation). Plastic rotation is equal to the sum of these rotations

(Figure B.9).

Plastic rotation in one step of the pushover analysis at the I end is;

0, +— (B.6)

Plastic rotation in one-step of the pushover analysis at the J end is;

A
0, +f (B.7)

In EqB.6 and B.7, 0, and 0, are the increments of the joint rotations at

the I and J ends of the element respectively, and A is the increment in lateral

displacement between the J and I ends of the element (Figure B.9).

136



B4 1 -OLH( Ay AL
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L, (Ai-A)/L

0L -01;

A

Deformed shape at step i Deformed shape at step i+1
(no yielding) (yielding at both ends)

Figure B.9 : Calculation of plastic rotations when both ends yield

B.3 Materials’ Models

Main factor influencing behaviour of concrete is lateral confinement. The
term confinement refers the influence that lateral reinforcement exercises on
concrete, which leads to a modification of the compression stress state from
uniaxial to multiaxial. The presence of confinement has favorable effect on the

strength, as well as ductility factor of concrete.

For stress-strain relationship of concrete, Mander Concrete Model
(Mander et al., 1988) is used, while obtaining member moment-curvature
relations for structural members. Obtaining concrete stress — strain diagrams by

Mander Model is composed of following formulas:

Fee - xo1 (B.8)

c (B.9)
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r=
Ec _Esec
E, =5000-/f,,
foe
ESCC =
SCC

co

¢
€ =€¢o *| 1+ 5-(—=-1)

£, =0.002
L 7.94.f f
. =f, -(-1.254+2.254. |1+—— e—sz)
fe:ke'p'fyw

T S LD M S O S
L S1(6-b, -d,) 2-b, 2-d,
) (1-pe)

14-p.-f. -¢
€, =0.004 + Ps “Tyw "Bsu
f'cc
where

f’cc 1s compressive strength of confined concrete
¢ 1s unconfined concrete compressive strength
f. is unconfined effective lateral confining stress
fyw 1s yield strength of transverse reinforcement

ke is confinement effectiveness coefficient

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

p is ratio of the volume of transverse confining steel to the

volume of confined concrete core in x-direction
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wi s ith clear distance between adjacent longitudinal bars

b, , d. = core dimensions to centerlines of perimeter hoop and
b>de

s is center to center spacing or pitch of spiral or circular hoop

Pec 18 ratio of area of longitudinal reinforcement to area of section

First
hoop
fracture

Confined
concrete

fot

Assumed for
cover concrete

Compressive Stress, f,

|
| "Sco gsco_‘(:‘sp Ecc ECL\
i

™
£
=l

Compressive Strain, &¢

Figure B.10 : Mander Concrete Model, (Mander et al., 1988)

For the reinforcement steel stress — strain model following formulation is

used.
E, =2-10°Mpa (B.19)
f, = E; - & if (&5 < &)
f, =1, if (g, <g <gy) B.20)
2
fmfy—(f,~£,) En T8 ip (o < <ey)
€ _‘Ssh)

In thesis work, bilinear stress strain curves is used for reinforcement

steel; in other words, f, is assumed to be equal f;.
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Stress

Strain

Figure B.11 : Stress — strain model for steel

B.4 Obtaining Moment-Curvature Relations

For each member, moment — curvature curves must be converted to

moment — rotation curves by following formulas:

K,-L
_ >y Ty
Gy—T (B.21)
K —-K
u:u (B.22)
Lp
where

K, is yield curvature of moment — curvature curve
K, is ultimate curvature of moment — curvature curve
L, is plastic hinge length of section

L, is plastic hinge length of section which is taken as half of the

cross-section depth

Oy is yield rotation

Ou is ultimate rotation

140



APPENDIX C

DYNAMIC RESPONSE OF LINEAR SDOF SYSTEMS
TO DYNAMIC PULL RECORD

C.1 Response to Dynamic Pull Record

The response of SDOF systems to earthquake excitation is a classical
topic in structural dynamics. In this part of study, results for response of linear

SDOF system to dynamic pull record (DPR) is presented, including concept of

equivalent viscous damping.

Including viscous damping the equation of motion of SDOF systems to

earthquake excitation is
m-U(t) +c-u(t)+k-u(t)=-m-i,(t) (C.1)
This equation is to be solved subject to the initial conditions
u(0)=0 uw0)=0 (C.2)
Damping coefficient and natural frequency are

c=2-(-m-o, (C.3)
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manEj (C4)
m

According to Figure 3.1 following relation can be used for defining

ground acceleration for DPR
U, ()=A-t (C.5)

After inserting previous relations to equation of motion, linear second

order differential equation becomes,

i()+2-c-o, -u(t)+o,” -u(t)=—A-t (C.6)
Steady state solution of equation of motion is of the form
u(t)=c,-t+c, (C.7)
Transitient part of solution of equation of motion is of the form
u, (t)=e =" (c; -sin(wp - t) + ¢, - cos(op, - t)) (C.8)
where

op =0, 1-C (C.9)

Total response of SDOF system is summation of transition part and

steady state responses.
u(t) =u,(t)+u,(t) (C.10)

By imposing the initial conditions to obtain the final result, unknown

coefficients, ¢y, c3, c3 and c4, become
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(C.11)

Finally inserting the found coefficients to transition and steady state

solutions of equation of motion, response of linear SDOF system becomes

2
ut (t) = iz . e(_€~mn~t) . ( (M) . Sin(o)D . t) — 20)_C . COS((DD . t)] (Clz)
(Q))

n Op n

us(t)=[—A';j+[2'C;AJ (C.13)
0] Q)]

n n

C.2 Acceleration Response Spectrum of Dynamic Pull Record

Uy () = U, () +U(t) (C.14)

According to Figure 3.1 following relation can be used for defining

ground acceleration

U, ()=A-t (C.15)
Differentiating response of SDOF system, u(t), twice gives,

sin(op - t)

i(t)y=—A -5 ) (C.16)

®Op
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After inserting ground and relative acceleration relations to total

acceleration equation, following expression is obtained.

) sin(op, - t)

o () =A -t (1= (5" ) (C.17)

(,OD ° t
Absolute maximum values of i, (t) are obtained when t is equal to tq

which is called target time. A plot of absolute maximums as a function of natural

vibration period makes acceleration response spectrum (Figure 3.4).

Sa(w,)=|A -ty -(1-(e
O)D 'td

) (C.18)
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