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CHAPTER |

INTRODUCTION

1.1 Background and Motivations

Nonlinear Response History Analysis (NL-RHA) is a powerful tool for study
of structural seismic responses. The seismic/performance of structures when subjected
to a set of ground motions.can be estimated-acCurately. In spite of the accuracy and
efficiency of the computationaltools have increased substantially, there are still some
reservations about the NE-RHA; which are mainly related to its complexity for
practical design applications:” Fherefore, NL-RHA IS an onerous task to estimate

seismic demands.

Since the nonlingar dynamic analysis of struetures is not feasible for most
practical applications, many researchers are trying to develop more rational analysis
methods that would achieve a satisfactory. balance between required reliability and
applicability for everyday design Use. Coné’e,o{dently, approximate procedures, called
Nonlinear Static Procedures {(NSPs) which are reoted in structural dynamic theory,
were developed as an_alternative to rigorous NIL-RHA. The main content of
approximate procedures Is to estimate seismic demands of multi-degree-of-freedom
(MDOF) systems dueto an earthquake by nonlinear statfc analysis of structure which
is simpler and more practical for.structural design.

The Nonlinear Static Procedure (NSP) described in FEMA-356 (ASCE, 2000)
and ATC-40.(ATC, 1996) guidelines for .seismic evaluation of “buildings, seismic
demands are' computed by nonlinear static analysis 'of-the'structure subjected to
monotonically increasing lateral forces with a specified, usually invariant, height-wise
distribution until a pre-determined target displacement is reached. The target roof
displacement is determined from the deformation of an equivalent single-degree-of-
freedom (SDF) system. Also known as pushover analysis, these procedures are now
standard in structural engineering practice. They provide a better assessment of the
actual capacity and expected performance of the structure than traditional linear static

analysis, but require much less computational effort compared to rigorous Nonlinear



Response History Analysis. A formulation of the pushover analysis can be found in
Krawinkler and Seneviratna (1998). This procedure is obviously based on two major
assumptions: (1) the response of the multi-degree-of-freedom (MDOF) system can be
related to the response of an equivalent SDF system, implying that the response is
controlled by a single ‘mode’ and this mode shape remains unchanged even after
yielding occurs; and (2) the invariant later force distribution can represent and bound

the distribution of inertia forces during an earthquake.

However, these NSPs based on invarmant load patterns provide accurate
seismic demand estimates only.for low- and medium-rise moment-frame buildings
where contributions of higher “modes’ response are not significant and inadequate to
predict inelastic seismic demands in buildings when the higher ‘modes’ contribute to
the response (Krawinkler and:/Sengviratna, 1998; Gupta and Krawinkler, 1999; Gupta
and Kunnath, 2000; €hopra and Goel, 2002; Chintanapakdee and Chopra, 2003a;
Chopra and Chintanapakdeg, 2004a; Kunnath and Kalkan, 2004; Chintanapakdee et
al., 2009; and Nguyen et al., 2010). To_dvércome these drawbacks, an improved
pushover procedure, called Modal Pushd{/érrl_AnaIysis (MPA), was proposed by
Chopra and Goel (2002) to include contrib,tjtic’).ns of higher ‘modes’, where seismic
demands due to individual terms in the mod'a-lrre-xpansion of the effective earthquake
forces are determined by a pushover analysis using the 'inertia force distributions
associated with each mode up to a modal target displacement. The MPA procedure
has been demonstrated to increase accuracy,of seismic demand estimation in taller
moment-framechuildings, e.g., 9- and' 12-story tall, compared to the conventional
pushover analysis (Chopra and Goel, 2002; Chintanapakdee and Chopra, 2003g;
Chopraang-Chintanapakdee;=2004a;and Chopra, et rali; 2004; and [Nguyen et al.,
2010).

Another type of pushover method is the adaptive pushover procedures, where
the force distributions are updated to consider changes in the structure during inelastic
phase (Fajfar and Fischinger, 1989; Bracci et al., 1997; and Gupta and Kunnath,
2000). In this procedure, equivalent seismic loads are calculated at each pushover step
using the immediate ‘mode’ shape. Recently, a new adaptive pushover method, called
Adaptive Modal Combination (AMC) procedure, has been developed by Kalkan and



Kunnath (2006) where a set of adaptive mode-shape based inertia force patterns is
applied to the structure. This procedure has been validated for regular moment frame
buildings (Kalkan and Kunnath 2006; 2007). It was shown that the AMC procedure
provides more accuracy in estimating seismic demands than MPA in comparison with
Nonlinear Response History Analysis. However, it is conceptually complicated and
computationally demanding for routine application in structural engineering practice
while the MPA method is generally simpler; and thus, more practical than adaptive

pushover procedures for seismic design.

These researches focused mainly on._two-dimensional (2D) analysis of
buildings while corresponding works on three-dimensional (3D) analysis and bridges
have been very limited. Recently, a three-dimensional pushover analysis procedure to
estimate seismic demands‘of @ collapsed reinforced concrete chimney was proposed
by Huang and Gould«2007). Meanwhile, a.new modal pushover analysis procedure
was proposed by Chopra and Goel (2004) to account for the effect of torsional
vibration of asymmetrig=plan buildings. 'S'L-Jbsequently, an extension of modal
pushover analysis procedure to seismic éssessment of bridges was proposed by
Paraskeva et al. (2006). The main goal of rtheir‘ study is to propose the displacement
monitoring points of the bridge which will b-e‘ discussed in the next section. At the
same time as Paraskeva et al. (2006), a displacement-based adaptive pushover for
assessment of buildings and bridges was developed by Pinho et al. (2006). This
method is an extended version of adaptive pushover which takes into account both the
contributions of higher“modes’'to response and the-redistribution of inertia forces due
to structural yielding associated changes in vibration properties. A number of
idealized bridges wareanalyzed«o verifythis procedure ;However, the finite element
models of the bridges were simplified in these studies. In-addition, due to limitations
of the software used in these investigations, the pushover analysis and the NL-RHA
had to be performed to different finite element models. In particular, nonlinear
rotational spring elements were used in the finite element models used in NL-RHA,
while the built-in beam hinge properties were implemented in the models set up for
pushover analysis. Therefore, these simple models may not be able to capture the
torsional and vertical vibrations of the deck of the bridges and their seismic behaviors

may not represent the actual bridges.



The main objective of this study is to extend the modal pushover analysis
procedure for seismic evaluation of complex actual bridges that requires a three-
dimensional analysis procedure. The spatial modal force distributions are applied to
pushover analysis. Furthermore, the monitoring displacement, which is the roof
displacements in building analysis procedure, is proposed in this study to take into
account the contributions of torsional and vertical vibrations of bridges.

The work presented in this dissertation focused on the bias and accuracy of the
proposed extension of MPA procedure for.seismic assessment of actual bridges. Its
applicability in estimating seismic demands of bridges is investigated. The
contribution is therefore towards an extension of modal pushover analysis procedure

which can be applied in evaluating or designing actual bridges due to an earthquake.

1.2 Review of Previous Researches

There are several siudies ‘regarding the Nonlinear Static Procedures for
seismic evaluation of structures. Maost of these procedures can be classified into two
major groups: (1) the non-adaptive group, 5nd"’(2) the adaptive group. The approach
of the first group is to consider-the contribution of higher ‘modes’ but neglecting any
changes in the mode-shapes-during-an-earthgquake-ana using invariant lateral force
pattern. The second group considers the effect of higher ‘modes’ as well as their
changes after the structure yields due to an earthquake. The variant lateral load
patterns are updated jin,each step to consider the ehange.in structure during inelastic

phase.

1.2.1 Estimating Deformationof Inelastic SDF System

One of critical tasks of nonlinear static procedures is to predict the target
displacement of inelastic multi-degree-of-freedom structures due to a ground motion.
Several approaches were proposed to estimate the target displacement by using an
equivalent SDF system. The methods described in the ATC-40 and FEMA-356

guidelines are now commonly used in practice.



According to the nonlinear static procedure described in ATC-40 and FEMA-
356 documents, seismic demands are computed by nonlinear static analysis of a
structure subjected to monotonically increasing lateral loads representing inertia
forces due to an earthquake (pushover analysis) with a specified, usually invariant
height-wise distribution until a pre-determined target displacement is reached. The
target displacement of these procedures is estimated from the deformation D of an
equivalent inelastic SDF system which 'is derived from relationship between base

shear force and roof displacement known asthe pushover curve.

The ATC-40 presents.-an approach, called Capacity Spectrum Method
(CSM), to estimate seismicresponse of inelastic SDF systems where the deformation
D of an inelastic SDF systema' is determined by an iterative method which requires
analysis of a sequence of.equivalent linear systems with successively updated values
of period and damping ratio. This method is typically implemented graphically.
However, the accuracysand convergence of the ATC-40 iterative procedure can be
considerable (Chopra and Goel, 2000). _T_fhé- ATC-40 tends to underestimate the

deformation over a wide range of periods.

Unlike the ATC-40 Capacity Spectrum Method, FEMA-356 presents an
alternative approach; known as Displacement Coefficient- Method (DCM), in which

the target displacement, o,, at each floor level is estimated by multiplying the

deformation of the corresponding linear system.
T 2
5= GLLLCH, (_e] 9 (1.1)
2r

C, Is modification factor 'to relate spectral displacement of an equivalent

SDF system to the roof displacement of the building MDOF system. The coefficient

C, relates expected maximum inelastic deformation to deformation determined for
linear elastic response. The coefficient C, accounts for the effect of pinched

hysteretic shape, stiffness degradation and strength deterioration on maximum

displacement response and modification factor. C, represents the increase in the

deformation due to negative post-yield stiffness arising from P —A effects. T, is



effective fundamental period and S, is spectral acceleration at the effective

fundamental period and damping ratio of the structure in the direction under

consideration. Numerical values of these coefficients are based on research results.

The limitations on accuracy of ATC-40 Capacity Spectrum Method such as
lack of convergence or large error in some cases (Chopra and Goel, 2000), and the

lack on research results of coefficient' C, , of FEMA-356 Displacement Coefficient

Method are specified and rectified in FEMA=440 report (ATC, 2005). Then, an
investigation on accuracy of improved nonlinearsstatic procedures in FEMA-440 was
carried out by Akkar and=Metin; (2007). It was found that both of these improved
procedures provide fairly'good deformation demand estimations.

To overcome™ the' limitation of. previously mentioned methods, several
improved methods were proposed and iﬁvestigated. An improved Capacity Demand
Diagram (CDD) method; which was orig‘irnaailly developed by Freeman et al. (1975)
and Freeman (1978), based on inelastic'tdefsign spectrum for estimating seismic
deformation of inelastic structures tsing SDF systems was developed and illustrated
by Chopra and Goel, (1999a-b). Subsequenﬂy,'Jfbhopra et al. (2001), and Chopra and
Goel, (2002) suggested that the contribution of the-nth vibration mode to the target

roof displacement of ap-inetastic-MPDOF systemin IMPA procedure u,, IS
u., =140 (1.2)

rno nrrm—n

where ¢,, = valtiedat the roof of the:ntl mode shape vector ¢, <and

I =— L, =% m M= ¢ mé, (1.3)

where m'= mass matrix and 1 is the influence vector whose each element is equal to
unity; and D, is peak value of deformation D, (t) of an equivalent inelastic SDF
system of nth ‘mode’, determined rigorously by nonlinear response history analysis

by solving the uncoupled modal response history analysis (UMRHA) governing
equation for the nth *‘mode’:



D, +2¢,0,D, + i (Dn,sign D”)

=, (t) (1.4)

n

where natural frequency @, and damping ratio £, correspond to the MDOF system,
and F, /L, —D, relation between resisting force and modal coordinate obtained from

pushover curve as described in Chopra and Goel, (2002). For planar analysis of

symmetric-plan building, the peak ‘modal: responses u each determined by

pushover analysis for modal force distribution‘aaddynamic analysis of the nth *‘mode’
inelastic SDF system, may be combined using an appropriate modal combination rule
such as the square-root-of-sum-ef-squares (SRSS) rule to obtain a MPA estimate of

the total roof displacemenis

(U= D00 (L5)

Then, an investigation on accuracy of single-degree-of-freedom estimate of
displacement for pushover analysis of buir'lrdings was carried out by Chopra et al.
(2003). The statistics show that'the roof dis;ilaEément of a multi-story building can be
determined from the deformation of an equivalent SDF system. The estimation
considering first ‘mode*-SBE-sysiem-overestimates-the-median roof displacement for

systems subjected to large ductility demand z, but underestimates for small «. The

bias and dispersion of this method tend to increase for longer period system for every

value of x andiincreasingwhen P + A/ effectsiare includeddue to gravity loads. On

the other hand, ¢onsidering the contribution of higher ‘modes’ by using Equation (1.5)
of MPA procedure, helps+reduce the dispersion, in sthe roaf .displacement, but it
increases slightly the overestimation of roof displacement-of buifdings responding far

into the inelastic range (Chopra et al., 2003).

For further examination, inelastic deformation ratios for design and evaluation
of structures using SDF bilinear systems was investigated by Chopra and
Chintanapakdee, (2004b) to assess the relationship between the peak deformation of

inelastic and corresponding linear SDF systems.



1.2.2 Nonlinear Static Analysis Procedure for Symmetric Structures

The nonlinear static procedure in FEMA-356 (ASCE, 2000), which is
commonly used in engineering practice, requires development of a pushover curve, a
relationship between base shear forces versus roof displacement, by nonlinear static
analysis of structure subjected to gravity loads, followed by monotonically increasing
lateral forces with a specified invariant heightwise distribution. At least two force
distributions must be considered for this approach. The first is to be selected among
the following: (1) first mode distribution: s’; —=m g, where m, is the mass and ¢, is
the mode shape value at thejth floor; (2) equivalent lateral force (ELF) distribution:

s’; = mjh;‘ , where h, issthe height above the base of jth floor and kis a coefficient

related to the vibration'period T /as shown in Equation (1.6) below; and (3) response

spectrum analysis (RSA) distribution: A vertical distribution proportional to the story
shear distribution calculated by combining modal responses from a response spectrum
analysis of the building; a vector of lateral forces at the various floor levels

§S;, =1,m;p,, .
1 <05
k=4(T,+15)/2 05<T <25 (1.6)
2 T =85

The second distribution is either the uniform distribution or an adaptive
distribution. Eachrof these™force distributioncisiapplied 4o, the building in the same
direction over the height of the building. These four FEMA-356 force distributions for
the Los.Angeles 9-story building.are_illustrated ‘as' follow by. Chopra,(2007) (Figure
1.1).

Seismic demands of building are determined by extracting the responses
from the pushover analysis when the target displacement estimated by displacement
coefficient method as mentioned before is reached. The potential and limitations of
FEMA-356 force distributions are demonstrated by Goel and Chopra (2004a); and
Chopra and Chintanapakdee (2004a). The FEMA-356 force distributions provide a
good estimate of story drifts for low-rise building, e.g., 3-story buildings. However,
the first *‘mode’ distribution grossly underestimates the story drifts, especially in the



upper stories of tall building, e.g., 9-, and 20-story buildings, implying that the higher
mode contributions are significant in the seismic demands for upper stories. Although
the ELF and RSA force distributions in FEMA-356 are intended to account the
contribution of higher ‘modes’, they do not provide satisfactory estimates of seismic
demands for buildings that are deformed moderately or far into the inelastic range. On
the other hand, the uniform load distribution seems to significantly overestimate story
drifts in lower stories and significantly underestimate in upper stories (Goel and
Chopra, 2004a; and Chopra and Chintanapakdee, 2004a).

Nevertheless, the above -methad is obviously limited by the assumption that
response of the structure is.eonirolied by its fundamental ‘mode’. As a result, both the
invariant forces distributions and the target displacement do not account for higher
‘modes’ contribution, whichs can affect ‘both, particularly in the inelastic range.
Therefore, extension of the standard pushover analysis to consider higher ‘mode’
effects has attracted attention. Firstly, Sasaki et al. (1998) developed the Multimode
Pushover Procedure (MMP) to identify t_h_é effects of higher *‘modes’ in pushover
analysis of buildings by apprepriaiely ei_ténging the Capacity Spectrum Method
(CSM), which directly compares building cap;ﬁcity to earthquake demand; separate

pushover curves were derived for each mode without.an attempt to combine modal

responses.
0195 [ 70281 0367 o
0167 —76.21 —,;/ 0.177 — 0.11
0149 /0,165 >/ 0.0654 —! 0.11
1 0.131 L 0.126 L,.'0.042 [ 0.11
_7:'0.112 _."lo.ogls —»:'0.0446 —>E 0.11
L+'0.0023 50,062 10,0466 o1l
./ 0.0714 *,"0.0381 4100702 | 011
..'"().051 ."0.0197 —>’:0.0981 —»i 0.11
10,0311 0.00719 ,0.0896 ! 0112
I '/ ,/
(@) (b) (c) (d)

Figure 1.1 FEMA-356 force distributions for the Los Angeles 9-story building: (a)
first ‘mode’; (b) ELF; (c) RSA; (d) uniform (Chopra, 2007).
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To overcome the limitation of nonlinear static procedure in FEMA-356, an
improved NSP known as Modal Pushover Analysis (MPA) was proposed by Chopra
and Goel (2002) to account for the contribution of higher ‘modes’ in estimating
seismic deformation demands for a symmetric-plan multistory building subjected to
earthquake ground motion along an axis of symmetry. Seismic demands in MPA due
to individual terms in the modal expansion of the effective earthquake forces are
determined by a pushover analysis using the inertia force distributions associated with

each ‘mode’ up to a modal target displacement..The peak value u,, of u,(t), the

0

roof displacement of the inelastic MDF system dug o earthquake forces p,; , (t) can

be estimated from Equation (1'2), where D, is the peak value of deformation D, (t)

of the nth ‘mode’ inelastic'SDFE system. It can be determined by solving Equation

(1.4). Then, the peak medalresponses .+, each determined by pushover analysis for

rno ’

force distribution s. =mq, sand dynamic analysis of the nth ‘mode’ inelastic SDF

system, are combined using an appropriate.rh-odal combination rule, e.g., the SRSS,
Equation (1.5), or CQC rule to,obtain a MPA estimate of the total response. Although
the rule of superposition of modaf responses does not apply in the inelastic range of
the response (because, modes are not uncoupled anymore), Goel and Chopra (2004b)
have shown that the error, taking the results of nonlinear response history analysis
(NL-RHA) as the benchmark, is typically smaller than in the case that superposition is

carried out at the level of.loading (with fixed loading pattern) as recommended in

FEMA-356. The lateral force distributions s, =md. of the SAC-Los Angeles 9-story

building are illustrated as follow (Figure 1.2).

TQ ‘assess 'the accuracy «and-/classify the| potential ‘limitations of MPA
procedure, an investigation on accuracy of MPA using generic frames was carried out
by Chintanapakdee and Chopra (2003a-b); and an evaluation of modal and FEMA
pushover analyses using vertically ‘regular’ and ‘irregular’ generic frames was done
by Chopra and Chintanapakdee (2004a). Concurrently, an evaluation of modal and
FEMA pushover analyses was carried out by Goel and Chopra (2004a). Then, the
superiority of MPA method over the conventional dynamic analysis method
recommended by the code, in a seismic evaluation of multi-storey RC frame was
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brought out by Chandrasekaran and Roy (2006). The MPA procedure has been
demonstrated to increase accuracy of seismic demand estimation in taller moment-
frame buildings, e.g., 9- and 12-story tall, compared to the conventional pushover

analysis.

Despite including the contribution of higher ‘modes’, MPA is conceptually
no more difficult than standard procedures because higher ‘modes’ pushover analyses
are similar to the first ‘mode’ pushover analysis. Moreover, MPA procedure
considering the first few (two or three) “modes*contribution are typically sufficient
(Chintanapakdee and Chopra,.2003a; Chopra and Chintanapakdee, 2004a; and
Chandrasekaran and Roy,.2006): Although MPA 1s sufficiently accurate to be useful
in seismic evaluation of manybuildings for many ground motions, and is much more
accurate than FEMA-356¢pracedures, it may not be highly accurate for buildings
subjected to very inténsefground motions that deform the structure far into the
inelastic range and the region of negative postyield stiffness (Goel and Chopra,
2004a; Chintanapakdee et/al.,2009). -

1305 2305 =305
——2.61 —/v’1.51 0,39 A4
/243 b70.0272 -2.72/4'—

/2,04 -1.13,4: 2,93 —

—.1"1.75 -1.81,5— 138 R

) 144 21— \0\.728

—7' 1.12 -2.03{:— —‘>\3.37
.>l' 0.796 -1.67 \:-— _>) 2.94
10,487 1.1% /31

1 \\ ,,’

s, S, S5

Figure 1.2 Lateral force distributions s, =m¢,, n=1, 2 and 3 for first three ‘modes’

of the SAC-Los Angeles 9-story building (Chopra, 2007).
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For further examination, an investigation on accuracy of MPA procedure for a
different class of buildings, reinforced concrete special moment resisting frame (RC-
SMREF) buildings, was carried out by Bobadilla and Chopra (2007). These RC-SMRF
buildings were characterized by deterioration of strength and stiffness under cyclic
deformation. The accuracy of MPA and FEMA-356 nonlinear static procedure in
estimating seismic demands for RC-SMRF buildings was also compared in this
research. It was concluded that even for/intense ground motions that deform the
buildings far into the inelastic range, the 'MPA procedure demonstrates a sufficient
degree of accuracy, making-it-useful for practical-application in estimating seismic
demands for RC-SMRF struciures:

To reduce the camputational effort of MPA procedure in estimating seismic
demands, a Modified Mogal RPushover Analysis (MMPA) procedure was proposed by
Chopra et al. (2004) in"which/the response contributions of higher vibration ‘modes’
are computed by assuming the building t@ be linearly elastic. It was found that the
MMPA leads to a larger gstimate of seismic' démands, improving the accuracy of the
MPA results in some cases (relative io noniiﬁh‘ea_l_r response history analysis). Although
it is not necessarily more accurate than the MPA procedure, the MMPA approach
provides a larger estimate of demand. !

An alternative’pushover method is the adaptive pushover procedure in which
the load pattern distributions are redefined. The loading pattern is determined by
modal combination rules (e:g. SRSS of mbdal loads) at each stage of the response
during which the dynamic characteristics of the ‘structure change, usually at each step
when a new plastic hinge forms in inelastic range (Fajfar and Fischinger, 1987; Bracci
et al., 4997; and Gupta and Kunnath, 2000). In this precedure;' equivalent seismic
loads are calculated at each pushover step using the immediate ‘mode’ shape.
Recently, a new adaptive pushover method, called Adaptive Modal Combination
(AMC) procedure, has been developed by Kalkan and Kunnath (2006) where a set of
adaptive mode-shape based on inertia force patterns is applied to the structure. This
procedure has been validated for regular moment frame buildings (Kalkan and
Kunnath, 2006; 2007). In recent development, an adaptive pushover analysis

procedure called the Incremental Response Spectrum Analysis (IRSA) method was
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proposed by Aydinoglu (2004) to take into account the influence of higher *‘modes’ as
well as their changes in the mode shapes depending on the seismic intensity. In each
pushover analysis, the effect of modal coupling on the formation of the plastic hinges
is taken into account and each time a new hinge forms in the structure, elastic modal
response spectrum analysis is performed to consider the change in the dynamic

properties of the structure.

It was shown that the AMC procedure provides a higher accuracy in
estimating seismic demands than MPA in”cemparison with Nonlinear Response
History Analysis (NL-RHA).. However, it s conceptually complicated and
computationally demanding-foiroutine application in structural engineering practice
while the MPA method is"generally simpler, and thus, more practical than adaptive

pushover procedures for seismic/design. . =

Back in the mid-1980s, a relatively simple nonlinear method, known as the
N2 method (N stands for Nenlinear analysis and 2 for two mathematical models), was
developed by Fajfar and Fischinger (1987, 1989). The method combines the nonlinear
static pushover analysis of a‘MDOF -system and the response spectrum analysis
approach of an equivalent SDF system; similar to the capacity spectrum method,
applied in ATC-40 and displacement coefficient method, applied in FEMA-356. It
was initially based“en the Q-model developed by Saiidi and Sozen (1981). This
approach is based oa two main assumptions: (1) the response of a structure is
governed by one ‘mode™ and (2) this ‘mode* does not change significantly when the
structure is subjected; to different seismi¢ intensities. ' ThecN2 method has been
included in the Eurocode 8 standards for the seismic analysis of, structures (CEN,
2004a-b). Then, the method has been gradually improved by Fajfar and Gaspersic
(1996) and its application has been extended to bridges (Fajfar et al., 1997). The N2
method, for convenience, has been formulated in the acceleration-displacement

(A—D)format by Fajfar (1999). This version combines the advantages of the visual

representation of the capacity spectrum method and the sound physical basis of
inelastic demand spectra. Generally, the N2 method provides a reasonably accurate
result for structures which oscillates predominantly in the first ‘mode’. The
similarities and differences among the N2 method, the FEMA-273 (ATC, 1997), and
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ATC-40 nonlinear static procedures for performance-based seismic design have been
investigated and discussed by Fajfar (2000a). Subsequently, a practical version of the
N2 method for seismic performance evaluation was developed by Fajfar (2000b). It
was concluded that the applications of the methods are restricted to planar structures
vibrating predominantly in the fundamental ‘mode’; and can be used both for the
seismic performance evaluation of newly designed or existing structures. However,
the limitations of the N2 method as well as. ATC-40 and FEMA-237 should be

recognized as mentioned before.

Considering the Influence of the higher “modes’ in the nonlinear pushover
analysis of reinforced conerete” single column bent viaducts, an investigation on
ability of the N2 method.(Single/mode procedure) and typical multimode approaches
(MPA, adaptive pushover procedure, and IRSA) was carried out by Isakovic and
Fishchinger (2006). lt'was concluded that the influence of higher ‘modes’ is typically
small when the columns (substrueture) do not hinder free deformation of the
superstructure in transverse direction. and Vthe' N2 method works well in these cases.
Conversely, all multimode procedures provfid'é,g_ood estimates in most cases, although
the degree of accuracy was different among them. However, all the methods have
limitations related to'the higher ‘“modes’ effecf ‘Ii-nked to the torsional flexibility in the
transverse direction.oOf the viaducts. It was also concluded that MPA is simpler and
easier to apply than the other methods. On the other hand, IRSA is theoretically sound
procedure but it requires eansiderable effort.in application. Subsequently, an overview
of the application of 'the N2 methad and two typical multimode pushover procedures
(MPA and IRSA) for the analysis of single column bent viaducts in the transverse
direction, was disctssed by Isakovic ‘et) al2(2008). dt shows that the N2 method is
accurate:enough for bridges where the effective modal mass of the fundamental mode
is at least 80% of the total mass. On the contrary, both multi-mode procedures, MPA
and IRSA, perform well in the case of the moderately irregular long viaducts, which
are frequently used in construction design practice. Again, it was recommended that

all pushover methods should be used with care for torsionally sensitive structures.

More recently, an Improved Modal Pushover Analysis (IMPA) procedure
was proposed by Jianmeng et al. (2008) to consider the redistribution of inertia forces
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after the structure yields. The structural stiffness changes after it yields, so the
displacement shape vector also changes. The IMPA procedure uses the product of the
time variant floor displacement vector (as the displacement shape vector) and the
structural mass matrix as the lateral force distribution at each load step beyond the
yield point of the structure. However, to avoid a large computation, only two phase
lateral load distribution was recommended. In the first phase, the pushover analysis is
performed by using the first few elastic natural ‘modes’ of structure, i.e., similar to the
MPA. In the second phase, only for the firsSi*“moede’ the lateral load distribution is
based on assumption thai.the-floor displacementveetor at the initial yielding point is

the displacement shape Vectox:

An alternative pushover analysis procedure to estimate seismic displacement
demands, referred to assthe’Mass Proportional Pushover (MPP) procedure, was
recently proposed by  Kim and Kurama (2008). The main advantage of MPP
procedure over other approximate procedures is the use of a single pushover analysis
for the structure with noneed to conduct a modal analysis to capture the effect of
higher ‘modes’. The effects of higher ‘mddés’]_on the lateral displacement demands
are lumped into a single invariant fateral force distribution that is proportional to the

total seismic masses at the floor and roof IeveI‘s, given by mgi=wt where m is the

mass matrix and w.4s weight matrix. This lateral force distribution is similar to
uniform lateral force @ pattern described in FEMA-356. The floor/roof lateral
displacement vector (normalized with respect:to the roof displacement) obtained from
the linear-elastic response range are used to'replace ‘mode’ shape vector. This
approximate approach is proposed for structures which are primarily governed by the
first *‘mode’; and thus; structures that develop weak/soft story méchanisms are outside

the scope of this procedure.

1.2.3 Nonlinear Static Analysis Procedure for Unsymmetrical Structures

Nonlinear static pushover analysis procedures have attracted attentions of a lot
of researchers since the mid-1980s. However, most of the work performed in the
direction of improvement or extending the applicability of pushover analysis focused

on planar frames or symmetrical buildings. Starting in 1997, various researchers have
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extended pushover analysis to unsymmetrical-plan buildings. By applying a height-
wise distribution of lateral forces, typical of standard planar pushover analysis at the
floor centers of mass, an approximate nonlinear static analysis procedure was
developed by Kilar and Fajfar (1997). Nevertheless, the procedure does not pretend to

be very accurate by the authors’ admission.

In the effort of extending the applicability of pushover analysis, an evaluation
on the effect of multimode pushover analysis in three dimensional asymmetric frame
structures was discussed by Barros and Almeida (2005). A different lateral force
distribution was proposed for pushover analysis, based on a multimode combination
of the vibration modes obiained irom a linear elastic analysis of the structure. The
proposed load pattern (LP) is‘proportional to the shape of the considered modes of
vibration, each affected hy the participation factor. The lfoad pattern is defined in the

following equation:
LPE chdi e+t b, b, = X o (1.7)
. 1=l

where ¢, are the modes of vibration of the structure and o, is the participation factor

of the nth ‘mode’, that represents the contribution of.each mode to the global response

of the system using:

a, =—" (1.8)

The global dynamicespanse of a structure,.R , subjected to a ground motion

excitation is.decomposed into.maodal contributions,*R, , using.the equation:

R, =D R, (1.9)

The proposed multi-mode load pattern was evaluated by comparing the results
of the proposed pushover analysis with both the conventional pushover analysis
(single mode pushover) and the results obtained from NL-RHA. It was concluded that
the proposed multimodal load pattern improves the accuracy and reliability of the

pushover analysis.
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To consider the effect of torsional vibration of building, an extension of MPA
procedure to unsymmetric-plan buildings, which respond in coupled lateral-torsional
motions during earthquakes, was proposed by Chopra and Goel (2004). The force

distribution s_ used in the pushover analysis for each ‘mode’ now includes two lateral

forces and torque at each floor as:

Ma,,
S, =1 Mg (1.10)

I O¢On

where m is a diagonal mass matrix with diagonal entry'm; =m,, the mass lumped at
the jth floor diaphragm; 4" is a diagonal matrix with diagonal entry I, =1, the

polar moment of inertia of the jth floor diaphragm about a vertical axis through the

center of mass (CM);"and" ¢, @, and X¢Hﬁ- are three subvectors of the nth natural

xn '

vibration mode of the structtire; ¢, .

Between the two pushover curve'éi' Tq?tained corresponding to two lateral
directions, x and y, preferably choose the pﬁshcf;/er curve in the dominant direction of
the motion of the ‘mede’. Gravity loads arjld"iﬁéir P~ A effects are now included in
pushover analysis for-all “modes™. The response due to the nth ‘mode’ is computed by

r,=r.,—t,, where 1 is the contribution of gravity load alone. The total seismic

n n+g
demands are determined .by combining gravity response and the peak ‘modal’
responses using the complete quadratic'combination (CQC) rule, instead of the SRSS

rule:

11 112
rzmax{rgi(zz,omrirn] } (1.12)
where the correlation coefficient p,, is given by:

8 gign (ﬂmé/l +§n)18i?1/2
1= B2)+ 468 B (14 B2)+4(S7 + 2 B

Pin = (1.12)
(
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inwhich g, =@ / w, is the ratio of the ith and nth modal frequencies, and ¢; and ¢,

are the damping ratios for these modes.

The extended MPA procedure to unsymmetric-plan buildings has been
demonstrated to provide generally accurate seismic response estimates for
unsymmetric systems to a similar degree as it was for a symmetric building (Chopra
and Goel, 2004; Goel and Chopra, 2005).

Meanwhile, Fajfar and his co-workers have observed that the torsional effects
of plan-asymmetric buildings are mostly prenounced in the elastic range and early
stages of plastic behawior and-tend to decrease with an increase in the plastic
deformations. Hence, ihe amplificationsiin the displacement demands due to torsional
effects computed from™ elastic «dynamic_analysis can be used as a rough and
conservative estimate Jboth™ in ‘the elasfic and inelastic range. Based on this
observation, Fajfar et al#(2005) developed the extension of the N2 method, which
was developed for the monlinear  static analysis of planar structures, to plan-
asymmetric buildings. Pushaover analysis 0f the three-dimensional (3D) mathematical
model of the building is performed independehﬂy in two horizontal directions and the
target roof displacement for-each horizontal direction is computed using the N2
method. Then, a linear response spectrum analysis of the 3D model is carried out
independently in two-horizontal directions and the results are combined using the
SRSS rule. The correction factors to be applied to the“relevant results of pushover
analysis are determined. ‘After.that, .the .Correction factor .is defined as the ratio
between the normalized-roof displacements-obtained by elastic modal analysis and by
pushover analysis. The normalized roof displacement is thewratio of the roof
displacement at an, arbitrary lacation to the roof displacement at the ‘center of mass
(CM).

Subsequently, a 3D pushover analysis procedure was developed by Huang and
Gould (2007) to analyze a collapsed reinforced concrete chimney. The idea of this
new approach is to apply two directional lateral forces to the structure to obtain the
responses over the height. However, the lateral load patterns may be selected from
those that were described in FEMA-356.
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To evaluate the capability and applicability of the extension of N2 method
(Fajfar et al., 2005) and extension of MPA approach (Chopra and Goel, 2004) in
capturing the torsional effects that arise from plan irregularities, an assessment of
these procedures on the estimation of torsional effects in low-rise frame buildings was
carried out by Erduran, (2008). Results of numerical analyses show that far-fault and
near-fault ground motions have similar influences on the displacement demand of
structures as far as torsional effects are concerned. These procedures proposed for
asymmetric buildings were. found to be €ifective in capturing torsional effects
whereas the classical nonlinear statie’ procedure-developed originally for planar

systems significantly underesiimaites torsional rotation demands in structures.

1.2.4 Nonlinear Static’Analysis Procedure for Bridges

In view of previous considerations, most of researches performed in the
direction of extending the applicability of pushover analysis to structures focused on
buildings. Such works on bridges, on thero'th-er hand, have been implemented for a
limited number of cases; altheugh the cbﬁhﬂtri‘_bution of higher ‘mode’ on bridges

usually play a more critical role tham in buildings.

The inelastic-behavior of a highway concrete bridge (Greveniotikos bridge)
was investigated by-<“Abeysinghe et al. (2002) from the" first pier hinging to the
inelastic equilibrium -condition during the design-level earthquake by using the
conventional pushover ‘amalysis. The effeets on the seismic demand of period
lengthening and damping ingrease produced by structural deterioration were evaluated
in this study. Pushover analysis is: performed in both longitudinal and transverse
directians in \whichrinvariant force patterns are applied separately:' The capacity curve
(pushover curve) and the initial curve (design spectrum) are both plotted in the
acceleration-displacement response spectra (ADRS) domain. Then, the design of
Greveniotikos was checked by using the well known capacity spectrum method.

Aydinoglu (2004) proposed the Incremental Response Spectrum Analysis
(IRSA) as mentioned previously, which includes an application to a bridge structure,
taking one or eight ‘modes’ into account, without any detailed discussion of the
resulting differences. In the studies by Isakovic and Fishchinger (2006) and Isakovic
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et al. (2008), investigations on ability of the N2 method (single mode procedure) and
typical multimode approaches (MPA, adaptive pushover procedure, and IRSA) were

carried out for the analysis of hypothetical irregular, torsionally sensitive bridges.

Recently, an extension of modal pushover analysis procedure to seismic
assessment of bridges was proposed by Paraskeva et al. (2006). It was then examined
the relative accuracy by comparing results with results obtained from NL-RHA as
well as ‘standard’ pushover analysis (SPA) (Single ‘mode’ load pattern) for a realistic
case of highway bridge. In their study, the capaeity spectrum method (CSM) was used
to define the earthquake displacement demand associated with each of pushover
curves, instead of NL-RHA" of each SDF system proposed by Chopra and Goel
(2002). The main goal of.ghetrstudy i1s to propose the displacement monitoring points
of the bridges. It was suggested that-the monitoring point may be the point of the deck
that corresponds to the location of an equivalent SDF system (along the longitudinal

axis of the bridge), x_ , defined by following relationship:

N fin

Z 2 XM

X=— (1.13)
2 M,

j=1

in which, x; is the distance of the jth mass from a selected point of the bridge, and

#,, is the ordinate of the nth mode shape ¢, at the jth mass. x. is essentially

independent of‘the/ way the, ‘mode™is narmalized. 1t was concluded that comparative
evaluation of the calculated response of the bridge illustrates the applicability and

potential of the MPA approach, foribricges.

At the same time as Paraskeva et al. (2006), a displacement-based adaptive
pushover for assessment of buildings and bridges was developed by Pinho et al.
(2006). This method is an extended version of adaptive pushover which takes into
account both the contributions of higher *‘modes’ to response and the redistribution of
inertia forces due to structural yielding and associated changes in vibration properties.

A number of idealized 2D bridges were analyzed to verify this procedure. The results
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show that the approach can lead to the attainment of significantly improved
predictions.

More recently, to assess the suitability of various analysis methods and
software tools for performing practical seismic analysis of structures, an evaluation of
nonlinear static analysis methods and software tools [SAP2000 (CSi, 1997), GT-
STRUDL (GT-STRUDL, 2000), ADINA, 800-node (ADINA, 2000), and SC-Push3D
(SC Solutions, 1998)] for seismic analysis of atwo-span highway bridge was carried
out by Shattarat et al. (2008). The analysis revealed that some software programs are

well suited to perform nonlinear static analysis.

In these studiesy«the finite element models of the bridges were simplified.
Therefore, these simplefmodels may not able to capture the torsional and vertical
vibrations of the deck of.the bridges and their seismic behaviors may not represent for

the actual bridges.

1.2.5 Displacement Monitoring Point o

One of critical steps of multi-mode pushover procedures is to select the
displacement monitoring point, which is usually the roof when buildings are analyzed.
The selection of the monitoring point affects the shape af the pushover curve in the
inelastic range. For Bridges, intuitive selections for the displacement monitoring point
are the centre of deck mass as recommendation by CEN (2004a-b). It can be also
selected as the point of the deck which is/determined from the properties of the
structure using Equation (1:13) recommended by Paraskeva et al. (2006). However,
the applicability” of this approach .n structural _engineering practice seems to be

unsuitable for complicated structures.

Another proposal for the displacement monitoring point of single column bent
viaducts is at the maximum displacement of the superstructure as recommended by
Isakovic and Fischinger (2006). The selection of the displacement monitoring point
for multi-mode pushover analysis of bridge as recommendation of the previous
mentioned researchers is not able to take into account the contributions of torsional
and vertical vibrations of the bridge because the modal load patterns will not cause

any displacements at that monitoring point. To overcome these drawbacks, relevant
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displacement monitoring points for MPA procedure when it is applied to bridges will

be proposed in Section 2.3 of this study.

1.3 Research Objectives

Based on a comprehensive literature review, the primary objective of this

study is to develop an MPA procedure to analyze bridges that require a three-

dimensional analysis. The objectives of thisresearch are as follows:

1)

(2)

(3)

(4)

Investigation on the accuracy of current nonlinear static procedures for
seismic assessment of steel structures such as buckling-restrained

braced frames.

To develgp an /MPA pfo’éedure which can be applied to three-
dimensional™ analysis (of | bridges using" spatial distribution force

patterns.

Relevant displacement monitering points are proposed and evaluated

for this pushover-anatysis prd@édﬁre when it is applied to bridges.

To evaluate the "bias and abéﬂféby of proposed MPA procedure for
bridges by comparing the resuits-obtained from MPA estimates with
results determined by NL-RHA as well as conventional pushover
analysis.

1.4 Scope of Research

Tihe ScopesOf thisiresearcharetstated asfollows:

(1)

)

An existing continuous twin I-girder bridge with PC slab is analyzed to

evaluate the bias and accuracy of proposed MPA procedure.

Both geometric and material non-linearities, which are crucial for
understanding the complex structural behaviour under strong

earthquake excitations, are accounted for.
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(4)

()

(6)

(")

23

Two cases of bearing supports are considered in this study: (a) the
superstructure is supported by steel bearings (SBs); and (b) the deck is
seismically isolated by Lead Rubber Bearings (LRBs). A trilinear
force-deformation model of the LRB bearings is used to accurately
represent the influence of hardening of isolators at the high strains
induced by intense earthquake ground motions.

A set of Large-Magnitude-Smalldistance (LMSR) ground motions (20
records) is used to evaluate ihe-bias and accuracy of proposed MPA

procedure for bridges.

The bias.and acetracy of the proposed extension of MPA procedure are
evaluatedby a comparisoh of the response quantities with results from
Nonlinears Response His@fy Analysis. (NL-RHA) which can be
considered as fexact’ 'r;,esults. Conventional pushover analysis

procedure was also evaluated: 4

The response/ quantities comsidered in this study are the peak deck
displacements, pier (column)@ﬁﬁs, hinge rotations and internal forces,
which are the main quantitieé'-'dsied for assessing the bridges. The pier
drift, which-indicates-deformation-demand in the column, is defined as
the displacement at top of the pier relative to its base divided by the

pier height.

Multiple-support excitations-are not .considered-in this research.

1.5 Assumptions

The assumptions used in this study are stated as follows:

1)

()

Plastic hinges form at beam or column ends whereas the rest of each

element remains elastic.

The coupling of modal coordinates due to yielding of the structure is

neglected in the proposed extension of MPA procedure.
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1.6 Organization of the Contents

The dissertation contents are organized into six chapters. The first chapter
presents the general introduction of this study including the research motivations, a

brief review of previous researches and research objectives.

In Chapter 2, the theoretical backgrounds of nonlinear response history
analysis and modal pushover analysis procedures to estimate seismic demands for
inelastic systems are presented. Then, amn exiension of modal pushover analysis

procedure for seismic evaluation of bridges isproposed.

With the increase"in the humber of alternative pushover analysis procedure
proposed in recent years, 1L4S useful to assess the accuracy and classify the potential
limitations of these methods: Therefore, Chapter 3 provides an assessment of current
nonlinear static procedures for seismic evaluation of buckling-restrained braced frame

buildings.

Chapter 4 presents the configuration"!aﬁ'd the comprehensive three-dimensional
analytical model of the continuous twin I-d:_ir,'d(la_r bridge which is selected to evaluate
the bias and accuracy of the proposed extensfior.f-of MPA procedure. Subsequently, the
ensemble of 20 ground motions and statistiéal-_aﬁélysis aresintroduced.

In Chapter 5, the bias and accuracy of the proposed extension of MPA
procedure in estimating peak displacements, pier drifts, internal forces and hinge
rotations of studied bridge are evaluated byscomparing with the results determined by
NL-RHA which can be considered as ‘exact™ solutions. \Mareover, the effects of
bearing supports on the accuracy of the proposed extension of MPA procedure are
investigated.

Finally, the significant findings and general conclusions obtained throughout

this research are summarized in Chapter 6.
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THEORETICAL BACKGROUND AND METHODOLOGY

2.1 Introduction

In recent years, nonlinear struetural analysis has gained a greater momentum
because of the need to assess inelastic strucitral behavior under earthquake loads.
Common seismic design philosephies for buildings or bridges allow some degree of
damage without collapse. To-eontrol and evaluate damage, a post-elastic nonlinear
structural analysis is required.(Moehle, 1995; and JSCE, 1996). Nonlinear Response
History Analysis (NL-RHA) is ‘usually performed for the safety evaluation of
structures to determine their inelastic respbnses when subjected to strong earthquake
ground motions. This method is a powerful--tool and provides a realistic measure of

structural responses.

Although the nonlinear response histary analysis is not difficult in concept, it
requires careful structural modeling and inténéix/e computing effort. The NL-RHA of
structures therefore is not feasible for most practical applications. On the other hand,
the nonlinear static-analysis procedures which are rooted-in structural dynamic theory
have advantages in that it is simpler and more practical than NL-RHA for structural
design. These approachies have been demonstrated to“provide reasonable results in
estimating seismic. demands' for, buildings..” The .Madal .Pushover Analysis (MPA)
procedure has been' consicered' as' one 6f the efficient ‘methods of approximate
procedures that would achieve a satisfactory balance between required reliability and

applicability'for everyday design use.

Theoretical approaches of the NL-RHA and the MPA procedure to estimate
seismic demands for inelastic systems are presented in this chapter. First, the
theoretical background of rigorous nonlinear response history analysis is reviewed.
Then, the approximate MPA procedure for inelastic systems developed earlier for
estimating seismic demands for buildings (Chopra and Goel, 2002) is presented.
Finally, an extension of modal pushover analysis procedure for seismic evaluation of

bridges is proposed.
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2.2 Modal Pushover Analysis Procedures: Inelastic Systems
2.2.1 Nonlinear Response History Analysis (NL-RHA)

The governing equations of an inelastic system due to earthquake ground

motion U, (t) are as follows:
M +c0 +f(uU,sign u) = —mui (t) (2.1)

where u is the vector of displacements, m,-C-and k are the mass, classical damping,
and lateral stiffness matrices.of the S);étem; v.Is the influence vector whose each
element equals to unity. These.coupled equations can be solved directly to get ‘exact’
NL-RHA results.

The right handsside of Equati_gi'n (2.1) can be considered as effective

earthquake forces:

P (t)= —-h"nu‘g (t) (2.2)

The effective earthquake forCes can then be éxb_'ressed as

,NV

.y ()= zp S, (0 (2:3)

=1

where s, is modal inertia force distribution for the nth-mode

S, =1 .mo: (2.4)
and
N N
MUED Sp= DL 1 mé, (2.5)
n=1 n=1

in which ¢, is the nth natural vibration mode of the structure, and

ry=—"; L=¢m; M, =¢,m, (2.6)

n

n

The contribution of the nth-mode to the effective earthquake forces (Equation

2.3) can then be rewritten as
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Pt o () =—S,0, (1) (2.7)

The effect of p,, , (t) to the response of the inelastic MDF system is entirely

in the nth-mode, with no contributions from other modes.

The classical modal analysis is no longer valid for inelastic system because the
coupling of modal co-ordinates due to vielding of the structure. The ‘modes’ other

than the nth-‘mode’ will also contribute to the system response:

tyft) =) 4,3:40) 28)

However, Chopra and'Geel (2002) have demonstrated that the contributions of
‘modes’ other than thesth-mode are relatively small"or weakly coupled. Expanding
the displacements of the'inglastic system in terms of the natural vibration modes of

the corresponding linear system, we get

u(t)= Z¢q(t) (2.9)

Substituting Equation (2.9} into Equatic;n (2.1), and pre-multiplying both side

by ¢ , then using the orthogonality of mass, and classical damping of modes gives

N - e ..
b, +2¢,0,4, + ¥ ==ru (t), ns12,.. N (2.10)

n

Equation (2.10) represents N eguations in‘the modal“co-ordinates g, . Unlike

linearly elastic systems, these equations are coupled for inelastic systems.

2.2.2 Madal Pushover Analysis (MPA)

If the effect of coupling of modal coordinates for inelastic system is neglected,
Equation (2.10) leads to the Uncoupled Modal Response History Analysis (UMRHA)
procedure. This approximate RHA procedure was proposed by Chopra and Goel

(2002) and used as a basis for developing an MPA procedure for inelastic systems.

Neglecting the coupling of modal coordinates, the displacements of system
can be approximated as:
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Z¢rqr =¢,q, (t) (2.11)

Substituting this approximation into Equation (2.1), and pre-multiplying by
& gives Equation (2.10):

q‘n+2;na)nqn+%=—ru (t), n=12,..,N (2.10)

n—g
n

where F,, now depends only-on one modal co=Crdinate, d, :

= ,/5191 0,) = (asion, @12

The solution g, of Equatien (2.10) now: can be expressed in similar form with linear

elastic systems:

q:(U=4;D,(1) (213)

Substituting Equation (2.18) into Equation (’?.i—O) gives:

b, 2D, o i (1) (2.14)

and
F,, = F.(D.signD,)=¢!f, ( D ;sign D, ) (2.15)

Equation (2.14) ,is-the equation, of ‘mation for the nth-mode inelastic SDF

system with vibration properties’(natural frequency-w, ‘and damping ratio ¢, ) of the

nth-mode of the.corresponding.linear MDE system.subjected to Us (t) .
Substituting Equation (2.13) into Equation (2.11) gives the displacements
u, (t)=17,4,D,(t) (2.16)

Response quantities of inelastic system denoted as r(t), e.g., story drifts,

internal element forces, etc., can be expressed as

n(t)=r*A(t) (2.17)
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where r* denotes the modal static response which is determined by nonlinear static

analysis due to lateral force pattern s, and

A (t) =D, (t) (2.18)

is the pseudo-acceleration response of the nth-mode inelastic SDF system. Figure 2.1

shows the conceptual explanation of these approaches.

The response of the inelastic system to the i0ial.excitation p (t) is given by:

u(t):iun (t-.):Zi,;Fnchan ®) (2.19)
rm=gmm%gﬁﬁa) (2.20)

Equations (2.17) i0 (2.20) arg uséd to estimate seismic demands of inelastic
system due to an earthquake and known as:'t_he,_UMRHA procedure.
Alternatively, the peak response rn"':(_'),f'_the inelastic system to p, , (t) can be

determined by a nonlinear pushover analjéis-_ of the structure subjected to lateral

forces s, =m¢, withthe forces increased to push the stfucture up to the target roof

displacement u,, .

Upo = I, ¢ (2.21)

in which D, is determined by salving Equation’(2,14) with dynamic properties (e.g.,
natural frequency @, and damping ratio ¢,) aresbased on the‘nth-mode pushover
curve, a'relationship betweentbase‘shear V,, and‘roof 'displacement-u, as shown in
Figure 2.2a. This capacity curve is then idealized as a bilinear curve.

Subsequently, convert the idealize bilinear curve to the force-deformation
(F,/L,—D,) curve for the nth-mode inelastic SDF system, which is required in

Equation (2.14) by:
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Unit mass
Forces S,—*
— A (t)
~ § F, /L
- rn a)n ! é/n ' sn n
o i “ i u-g (t)
(a) Static analysis of (b) Dynamic analysis of

structure Inelastic SDF system

Figure 2.1 Conceptual explanation of'uncoupled-RHA of inelastic MDF system
(Chopra and Goel, 2002).

LV AN\D, 2l (2.22)
M - Fn¢rn

The concept of this stepds showri in Fig‘uré- 2.2b, where the yield values of F /L,

and D, are
F.., 54 ss2 4 u
sny :b_nz — -Dny —__my (2.23)
Ln M N u ol ‘- Fn¢m

in which M = L 77} ds-the-effective-medal-mass;-and-¢ is the value of the roof of

P, -

menbk

n
AVon [ Dldealized-pushaver curve 4 Fa/Lq-Dyrelationship
idealized
V., o —==== === Vi, ! M
by = T Ok & 1 Q0
l "\
actual
II k a)z
Y/ n n
1 1
lirn Qn
(a) urny (b) Dny = urny /Fn¢rn

Figure 2.2 (a) Pushover curve and (b) Force and deformation relationship of SDF
system.
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The initial slope of this curve is equal to @’ indicating that the vibration

period T, of the inelastic SDF system is given by

1/2
Ln Dn

sny

in which subscript y indicates the yield values. This value of T_, which may differ

from the period of the corresponding linear-System, should be used for estimating
deformation of the inelastic' SDFE system,

The peak modal respense are combined according to the Square-Root-Of-
Sum-Of-Squares (SRSS) hyEquation (2.25) or the Complete Quadratic Combination
(CQC) rules.

3 N /2
= (z rnzoj (2.25)
n=1

More details of the this procedure can be found in Chopra and Goel (2002).

2.3 Proposed Extension of MPA Procedure for Seismic Evaluation of Bridges

The previously-mentioned-modal-pushover-analysis (MPA) procedure, which
was proposed by Chopra and Goel (2002), is an extension of conventional pushover
analysis to include contribution of higher *‘modes’. This approach was developed to
estimate seismi€ «demands", fory buildings:: Te| extend «the=applicability of MPA
procedure to ‘the case of ‘three-dimensional” bridges,” a step-by-step of proposed
extension of MPA procedure to estimate the seismic demands. for_bridges is presented

as a sequence of steps:

(1)  Compute the natural frequencies, ,, and mode shape vectors, ¢, , for

linearly elastic vibration modes of the three-dimensional structure. It is
noted that in the case of bridges, the number of ‘modes’ whose masses
contribute to at least 90% of the total mass of a complex bridge
structure — a criterion commonly used in seismic codes- that have to be

taken into account is significantly higher than in the case of buildings.
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(3)
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Identify the most dominant modes that need to be considered in the
MPA procedure based on the effective modal masses (as a fraction of
the total mass) of the linearly elastic bridge in each direction (in the
longitudinal, transverse and vertical directions). The most dominant
modes are dependent on the response quantities under consideration
(e.g., the peak displacements of the deck in transverse or longitudinal
directions). The bridge modes may be categorized by their primary
motion: longitudinal, transveise, wertical or torsional, or coupled
motion such-as-longitudinal-vertical-or transverse-torsional. Category
of a mode shape may he identified from deformed shape of the bridge
and effectivermodal masses. The effective modal mass determined by

! T
* 3 4 m . .
M, = I, Lffindwiich” . =¢ mu, I, =M, and 1 is the influence

n n
vector and eagh element of the influence vector 1 corresponding to the

direction ofithe ground motion is equal to unity.

For the nth-dominant ‘modé.-’;-~gi_evelop the pushover curve (capacity
curve), which is the relatiéhghi_p between the base-shear and the

displacement of the monitoring point (V,, —u...), by nonlinear static

analysis of the bridge using the spatial force distribution s, =m¢,

where m is the mass matrix of the structtre. Gravity loads are applied
before, each-pushover, analysis; and P— A-effects are included. The
value“of-the“desired-dynamic reSpense ‘of the bridge due to gravity

loads is denoted as Iy

The displacement monitoring point of the bridge for the nth-dominant
‘mode’ is proposed to be at the degree of freedom where mode shape
value is maximum in the direction of applied ground motion. This
proposed monitoring point can take into account the contributions of
torsional and vertical vibrations of bridges, and this approach is no
more complicated than before because the mode shape was already

computed in Step 1.
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Feo/Ln
Vo Idealized pushover curve ) Fe/Ly-Dn relationship
idealized
Vi  x emm===== Vo /M,
s = ke o 1 a0
4 "\
actual
II k 2
Y/ n wn
1 1
lémn Qn
(@) Urny (b) Dy = Uy / L

Figure 2.3 (a) Pushover curve and (k) the nth-mode inelastic SDF system curve.

(4)

(5)

(6)

Idealize thespushover curve as a bilinear curve (Figure 2.3a). There are
several ways 10 idealize this curve. The implementation of bilinear
idealization in.this study éd'bpted the criterion specified in FEMA-356
that: (&) thesfirst linear seg-fnent shall intersect the actual curve at 60%
of the (idealized) yield foré_e; .and (b) the energy (area under the curve)
associated with thé péak reééoﬁse has to be the same as for the actual

curve. More details of this appr@_@ch can be found in Appendix A.

Convert the idealized pushoVbr- curve to the force—deformation

(F,, K5 =D, )—relation_of the_nth-dominant ‘mode’ inelastic SDF

system by using B, /L, =Vi /M5 D, = U, / T4y, inwhich ¢ is
the value of.¢, at the displacement monitoring point; and determine
the elastic modal | frequency: @, . The nth-dominant ‘mode’ inelastic

SDF system is defined by the force=deformation eurve of Figure 2.3b

(with'post-yield stiffness, ratio ¢ ) and damping ratio"¢, specified for

the nth “mode’.

Peak value of deformation, D, = max
t

D, (t)‘ , of an equivalent inelastic
SDF system of nth ‘mode’ (with force—deformation relation of Figure
2.3b) due to ground excitation Ug(t), are determined rigorously by

nonlinear response history analysis (NL-RHA) (Equation 2.14). The
reason for choosing this approach is mentioned in Section 1.2.1.
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(8)

(9)

(10)

(11)
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Calculate the peak monitoring displacement u,_ associated with the

0

nth-dominant ‘“mode’ inelastic SDF system from
umno = Fn¢mn Dn (2'26)

The response quantities of interest (e.g., displacements of deck, piers;

plastic hinge rotations; and internal forces), r , are evaluated by

0!
extracting from the pushover .database when the displacement of

monitoring point equals to U,

-

Repeat Steps 3-8 for as many “medes’ as required for sufficient
accuracy«"For_seismic evaluation of buildings, usually the first two or
three ‘modest will suﬁll_ce_ for buildings shorter than 10 stories
(Chintanapakdee’ and Cth;'ra, 2003a; Chopra and Chintanapakdee,
2004a). On'the other hand,";as‘mentioned in Step 1, the required number

of ‘modes’ may be farin thé‘gas_e of bridges.

Compute the dynamic reéﬁqns_e due to the nth-dominant mode:

- e l!j,l
N =", — 1, Where £ is the contribution of gravity load alone.

n n+g

g

Determine the total response ., by combining the peak ‘modal’

responses using appropriate modal combination rule, e.g., Square-
Root-of-Sum-of-Squares (SRSS) by Egquation (2.27) or Complete
Quadratic Combination (CQC) rule by Equation (2.28)

B ] 112
r¥max|r, i(z rnzj } (2.27)
n=1

13 1/2
r~max|r, i[Zmerirnj } (2.28)

i=1l n=1

where the correlation coefficient p, is given by:

8JSiCn (Buli +:) B
1= BR)+ 4SS B (L+ Bh)+4(S7 +<3) B

pin = ( (229)
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in which g, = ®, /@, is the ratio of the ith and nth modal frequencies,

and ¢; and ¢, are the damping ratios for these modes.

¢
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CHAPTER I

ASSESSMENT OF CURRENT NONLINEAR STATIC
PROCEDURES FOR SEISMIC EVALUATION OF BUILDINGS

3.1 Introduction

Steel moment-resisting frames are vulnerable to large lateral displacements
during severe earthquakes. In response to” many practical and economic issues
involved, conventional braced frames have been widely used as lateral-force resisting
systems in seismic resistani-design; however, their post-elastic behavior is susceptible
to rapid stiffness and strength.degradation after the braces buckle due to compression
forces. That was observeddn past earthquakes, such as the 1985 Mexico (Osteraas and
Krawinkler, 1989), 1989 /Loma Prieta (Kim and Goel, 1992), 1994 Northridge
(Krawinkler et al., 1995; and Mahin, 1998), and 1995 Hyogo-Ken Nanbu (Tremblay
et al., 1996) earthquakes. Thus, their enefgii dissipation capacity is limited when
subjected to earthquake loading (Figure-‘i?}."lq)_. Alternatively, Buckling-Restrained
Braced Frame (BRBF) is an innovative struCt’uréI system that prevents buckling of the
braces by using a steel core and an outerrca-s'irn-g filled with concrete for the brace.
Brace axial force is\résisted only by the steel core, which is restrained from buckling
by the outer shell and the infill ' mortar. This results in a stable hysteresis loop like a
bilinear relationship (Figure 3.1b) where significant hysteretic energy dissipation can
be achieved. The system is/caonsidered to have favorablg seismic performance over
traditional braced frames, making it an attractive option to structural engineers.
Moreover clateral-force:resisting: systemsowithy bucklingorestrained cbraces can yield
significaht “structural cost ‘'saving over conventional special concentrically braced
frame systems. This saving is resulted from decreased material quantities and
foundation demands due to the reduced base shear and required brace cross-section
areas. The saving increases with building height, as the greater quantities of materials
offset the more expensive braces (DASSE, 2007). A more comprehensive background
on this system can be found in (Kumar et al., 2007; and Uang and Nakashima, 2003).

Therefore, BRBF has become a preferable system in seismic resistant design recently.
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Force I Tension Force}  tonsion
. /M Deforrﬁation
Deformation L// /
Compression )
Compression
(a) Conventional bracing (p)"Buckling-restrained bracing

Figure 3.1 Hysteretic behawvierof conventional bracing and buckling-retrained bracing

under cyclic loading (Kumar gt'al:, 2007).

To estimate seismi¢ demands ‘in"the design and evaluation of buildings, the
Nonlinear Static Procedures (INSPs) using the lateral force distributions recommended
in ATC-40 (ATC, 1996) and/the FEMA-356 (ASCE, 2000) documents are now
standard in engineering practice. The nonlihééi static procedure in these documents is
based on the Capacity Spectrum Method'i(AT_C-40) and Displacement Coefficient
Method (FEMA-356), and assumes that thejat.e':ral force distribution for the pushover
analysis and the conversion of the results’fd_tﬁé capacity-diagram are based on the
fundamental vibration mode of the elastic structure. Consequently, these NSPs based
on invariant load patterns provide accurate seismic demand estimates only for low-
and medium-rise moment-frame buildings where the contributions of higher *‘modes’
response are not Significant and inadequate to predictiinelastic seismic demands in
buildings whemithe higher ‘modes’ contribute to the response (Krawinkler and
Seneviratnagy 1998: Gupta ~andy, Krawinkler, ~1999; Chepra- and Goel, 2002;
Chintanapakdee "and Chopra,” 2003a; Kunnath and Kalkan, 2004;* Bobadilla and
Chopra, 2007).

To overcome these drawbacks, an improved pushover procedure, called Modal
Pushover Analysis (MPA), was proposed by Chopra and Goel, (2002) to include the
contributions of higher ‘modes’. The MPA procedure has been demonstrated to
increase the accuracy of seismic demand estimation in taller moment-frame buildings,

e.g., 9- and 12-stories tall, compared to the conventional pushover analysis (Chopra
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and Chintanapakdee, 2004a; and Chopra et al., 2004). In spite of including the
contribution of higher *‘modes’, MPA is conceptually no more difficult than standard
procedures because higher ‘modes’ pushover analyses are similar to the first ‘mode’
pushover analysis. Moreover, MPA procedure considering for the first few (two or
three) ‘modes’ contribution are typically sufficient (Chintanapakdee and Chopra,
2003a; and Chopra and Chintanapakdee, 2004a).

Another pushover method is the adaptive pushover procedures, where the load
pattern distributions are updated to considei=the change in structure during the
inelastic phase (Fajfar and Fischinger, 1989; Braccl and Kunnath, 1997; and Gupta
and Kunnath, 2000). In thistype of procedure, equivalent seismic loads are calculated
at each pushover step using the dmmediate ‘mode™ shape. Recently, a new adaptive
pushover method, called the /Adaptive Modal Combination (AMC) procedure, has
been developed by Kalkan‘and Kunnath, (2006) where a set of adaptive mode-shape
based inertia force paiterns is applied t@ the structure. This procedure has been
validated for regular moment frame buildihgé (Kalkan and Kunnath, 2006; 2007).
However, it is conceptually complicated and computationally demanding for routine
application in structural engineering practice While the MPA method is generally
simpler, and thus, more practical than adabfiVe pushover procedures for seismic

design.

More recently; an Improved Modal Pushover-Analysis (IMPA) procedure
was proposed by Jianmenhg-et al. (2008) to €ensider the redistribution of inertia forces
after the structure..yields. The structural (stiffness' changes cafter it yields, so the
displacement shape vector also changes. The IMPA procedure uses,the product of the
time variant, floor- displacement: vector (as|the displacement| shape-vector) and the
structural mass matrix as the lateral force distribution at each applied-load step
beyond the yield point of the structure. However, to avoid a large computation, only
two phase lateral load distribution was recommended. In the first phase, the pushover
analysis is performed by using the first few elastic natural “‘modes’ of structure, i.e.,
similar to the MPA. In the second phase, only for the first “‘mode’ the lateral load
distribution is based on assumption that the floor displacement vector at the initial
yielding point is the displacement shape vector.
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An alternative pushover analysis method to estimate the seismic
displacement demands, referred to as the Mass Proportional Pushover (MPP)
procedure, was proposed by Kim and Kurama (2008). The main advantage of the
MPP is that the effects of higher ‘modes’ on the lateral displacement demands are
lumped into a single invariant lateral force distribution that is proportional to the total
seismic masses at the floor and roof levels. However, the accuracy of both IMPA and

MPP procedures has been verified for a limited number of cases.

With the increase in the number of-aliernative pushover analysis procedure
proposed in recent years, It IS useful to assess the accuracy and classify the potential
limitations of these metheds.#/An assessment on accuracy of MPA and FEMA
pushover analyses for mament resisting frame buildings was investigated by Chopra
and Chintanapakdee (2004a)s Then, an investigation on the accuracy of improved
nonlinear static proceduresin FEMA-440 was carried out by Akkar and Metin (2007).
Meanwhile, the ability of FEMA-356, MPA and AMC In estimating seismic demands
of a set of existing steel and reinforced cc_)nfcféte buildings was examined by Kalkan
and Kunnath (2007). More recently, an iﬁi\fes,t_igation into the effects of nonlinear
static analysis procedures which are the DiSpiacement Coefficient Method (DCM)
recommended in FEMA 356 and the 'Eépacity Spectrum Method (CSM)
recommended in ATC 40 to performance evaluation on low-rise RC buildings was

carried out by Irtem and Hasgul (2009).

To assess the ability. of current précedures, this chapter aims to investigate
comparatively' the bias and accuracy of MPA, IMPA and MPP procedures when
applied to buckling-restrained braced frames (BRBFsS).

3.2 Review of Selected Nonlinear Static Procedures

This section briefly introduces the modal, improved modal pushover analysis
(MPA, IMPA) and mass proportional pushover (MPP) procedures in estimating

seismic demands for building design.
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3.2.1. Modal Pushover Analysis (MPA)

The Modal Pushover Analysis (MPA), which has been proposed by Chopra

and Goel (2002), is an extension of conventional pushover analysis to include

contribution of higher ‘modes’. A step-by-step summary of the MPA procedure to

estimate the seismic demands for building is presented as a sequence of steps:

1)

(2)

©)
(4)

()

(6)

Compute the natural fregquencies, o, , and mode shape vectors, ¢, , for

linearly elastic vibration modes-of.the building.

For the nth-“mede’, aevelop the base-shear—roof-displacement

(V,, — U, )pushever curve by nonlinear static analysis of the building

using thesforce'distribution s, =md, where m is the mass matrix.

Idealizedhe pushoyer curveas a bilinear curve (Figure 3.2a).

Convert #the' idealized pﬂshover curve to the force—deformation
(Fsn/Ln—Dy) relation «of th_ej, nth-‘mode’ inelastic SDF system and

determine the elastic modal '.fréq_uencya)n, and yield deformationD,, .

The nth-*mode’ - inelastic S"DE;.system is defined by the force-
deformation curve of Figure 3.2b (with post-yield stiffness ratio op)

and damping ratio ¢, specified for the nth-‘mode’. Where M, =7,L, is

.
: m
the effective.modal mass, Ly=¢imi, 77, = (E‘ k , and each element
n n

of the'influence vector v is equal to unity.
Comiputé the peak defarmation) Dy = mvatlxan(t)I, of the nth-‘mode’

inelastic SDF system with the force—deformation relation of Figure

3.2b due to ground excitation U (t) by solving:

D, +2¢,@,D, + M = (t) (3.1)

n

Calculate the peak roof displacement u,,, associated with the nth-

‘mode’ inelastic SDF system from
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Figure 3.2 (a) Pushover curve and (b) Foree.and deformation relationship of SDF

system.

(7)

(8)

(9)

u

*rno

I $.D (3.2)

T T T

Extract other desifed responses, r., from the pushover database when

il no !

roof displagementegual to i, .

Repeat Steps 2-7 for as rh'ah‘y ‘modes’ as required for sufficient
accuracy; usually “the first-':”;wq or three ‘modes’ will suffice for
buildings shorter than 10 storiesl'f'—

Deterfhine the total response- rMPA Py combining the peak ‘modal’

responses using appropriate modal combination rule, e.g., Square-
Root-of-Sum-of-Squares (SRSS) as shown by Equation (3.3) or
CompleteQuadratic Combination (CQC) rule:

Mvpa = 2:21 rnzo (3-3)

where j is the number of ‘modes’ included.

The MPA procedure summarized in this paper is developed for symmetric
buildings (Chopra and Goel, 2002).

3.2.2 Improved Modal Pushover Analysis (IMPA)

Unlike

the MPA procedure where the response is obtained from invariant

multi-mode lateral load pattern vectors, the improved modal pushover analysis

(IMPA) proposed by Jianmeng et al. (2008) considering the redistribution of inertia
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forces after the structure yields. The principal improvement of the IMPA is to use
deflection shape of structure after yielding as an invariant later load pattern. However,
to avoid a large computation, a two-phase lateral load distribution is suggested for the
first ‘mode’ while the force patterns for higher ‘modes’ are similar to the MPA

approach. The IMPA procedure is summarized by following steps:

(1)  Implement the Steps 1-8 of the MPA procedure described in previous

section for first ‘mode’. The'lateral force distribution s; =m¢y is

considered as the first-phase load pattern.

2 Determine the-displacements vector of structure, v, , at the yielding

point with.the pushover.analysis obtained from Step 1.

(3)  Continuepushover analyjsi-s from the structure yielding point by

applying the lead distribution st =myy,, , which is considered as the

second-phage lateral load paftem to obtain new pushover curve. Then,
this new pushover-curve is?ﬁsed for determining the response of the
structure by StepS4-7 of MPAVp;’bcedure described in Section 3.2.1.

(4)  Determine the total response 'r',;,,PA with SRSS or CQC combination

rules by combining the response for the first ‘mode’ obtained from
Step 3 and the responses due to other higher ‘modes’ obtained from

MPA procedure.

3.2.3 Mass Proportional Pushover (MPP) Procedure

An alternative', pushover. analysis jrocedure, called the'Mass Proportional
Pushover (MPP), was proposed by Kim and Kurama (2008) to estimate the peak
seismic lateral displacement demands for buildings. The main advantage of the MPP
procedure over other approximate procedures is the use of a single pushover analysis
for the structure with no need to conduct a modal analysis to capture the effect of
higher ‘modes’. A summary of the mass proportional pushover procedure, whose

details can be found in Kim and Kurama (2008), is as follows:



1)

(2)
(3)

(4)

()
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Determine the multi-degree-of-freedom (MDOF) base shear force

versus the roof displacement (V, —u,) relationship using the force
distribution given by mgi=wt where m is the mass matrix and w is

weight matrix.
Idealize the pushover curve as a bilinear curve.

Convert the idealized pushover curve to the pseudo-acceleration versus
the displacement (A— D) relaionship of an equivalent SDF system

using:

A:\—/Mb‘ : Dzur—r (3.4)

where M s the totalimass and 7" is the participation factor calculated
urmt | '

as: ['=+ u, is: the lateral floor displacement vector
U, mu g’

&

(normalized with respect to _thé roof) obtained from the linear-elastic

response range ot the pushdver__ analysis using the mgi=wu force

distribution which is the samé %a_sruniform distribution of FEMA-356.

Determine the maximum. SDE displacement; D, by solving Equation
(3.1) with FJ/L = A.

Calculate 4the maximum MDOF roof and floor displacements of

structure-as: U,.. = D,/ U,

3.3 Structural Systems and Analytical Models

Analyses of 3-, 6-, 10-, and 14-story BRBF buildings are presented to evaluate

the bias and accuracy of MPA, IMPA and MPP procedures. Building designs for the

BRBF system in both the 3-story and 6-story cases adhered to the criteria for the 3vb2
and 6vb2 model cases studied by Sabelli et al. (2003). These office buildings are

assumed to be located in downtown Los Angeles on site class D. Figure 3.3 shows

floor plans of the 3- and 6-story buildings. Models 3vb2 and 6vb2 were designed

using response modification factor, R = 8, which was recommended by Structural
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Engineers Association of California (SEAOC, 2001) for buckling restrained braced
frame design. The typical story height is 4 m, except for the first story of the 6-story
building, which has a story height of 5.5 m. The floor plan dimensions are 36.6 m x
54.9 m for the 3-story building and 45.8 m x 45.8 m for the 6-story building. Both
buildings have beam spans equal to 9.15 m in each direction. Each floor slab and the
roof is a 76-mm metal deck with normal-weight concrete topping. The 3-story
building has eight bays of bracing, four in‘each direction, while the 6-story building
has twelve bays of bracing,.six in each dircetions The elevation view of all BRBF

systems is shown in Figuie 3.4

Braces were designed for the force calculated based on equivalent static base
shear. Brace sizes were set to e within 2% of computed required cross-sectional area
based on a nominal yield.strgss of 248 MPa for the yielding core without using any
strength-reduction faetor. Fable 8.1 lists brace yield forces and axial stiffnesses for
each story, sizes of beams and columns determined for 3-and 6-story are also shown.
To calculate brace stiffness, yielding. of buc'k'l-ing-restrained brace core was assumed
to occur in 70% of the brace length-and the efoss-sectional area of non-yielding zone

is three to six times that of the yielding zone.

The characteristics of the 10- and 14-story buildings are adopted from
Asgarian and Shokrgozar (2009). Figure 3.5 shows the floor plan of these buildings.
The floor plan dimensions are 18 m X 18 m for both buildings with the beam spans
equal to 6 m in each diréctien. Each building has eight bays of bracing, four in each
direction. The story<height of bath madels:is 322 m. The dead load of 6 kN/m? was
used for gravity load. The buildings'were designed as per the requirement of Iranian
Earthquake /Resistance Design Code and Iranian National Building Code which is
similar to AISC-89. The importance factor of |1 = 1, seismic zone factor of A = 0.35
and preliminary response modification factor of R = 9.5 were considered for frame
design. Asgarian and Shokrgozar (2009) concluded that response modification factor
of 9.4, very close to 9.5, is suitable for inverted-V buckling-restrained braced frames
designed per the Iranian National Building Code. Braces were designed to sustain 100
percents of the lateral load. Sizes of members determined for the 10-story building are

shown in Table 3.2.
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Table.3.1. Member. properties.for.the 3- and 6-story buildings.

Buckling-restrained braces

B:qlggg:g Story  Tensile yield force  Axial stiffness ~ Beams Columns
(kN) (kN/cm)
3 520 1030
3-story 2 872 1651 W14x48  W12x96
1 1081 1905
6 391 799
5 712 1419 W14x132
6-story 4 961 1881 W14x48
3 1161 2238
2 1299 2482 W14x211
1 1699 2501
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Table 3.2 Member properties for the 10-story building.
Buckling-restrained braces

Story yilledni(i)lfce st'io\f)f(riz!ss Beams goiu r[r;nz goéu an;
(kN) (KN/cm)
190 ;32 ?i% _IPES®O_ B100x100x10  B125x125%10"
3 ggg g;‘r; B125x125x12  B150x150x15
S 22; ﬁgi by’ BL75X175x15  B225x225x15
3 2;1(15 igg B250x250x15  B250x250x20
i gg? ]l‘ggg B275x275x22  B300x300x25

*B125x125x10 is a squargdtbewith 125 x 125mm cross section and 10mm thickness.

Table 3.3 Natural periods of/building mbdels in this study.
Mode Modal natural periods T, (sec)

3-stary 6-story. 10-story 14-story
1 0.504 0497 0.982 1.274
2 0.197 0.296 . 0.338 0.423
3 0.120 0 0.187 0.230

In this studyy,compressive yield s;[réh'@t-hs of .the~braces are 110% of their
tensile yield strengths(Sabelli et al., 2003) and the post=vield stiffness was taken as
1/1000 of the elastic stiffness (Kumar et al., 2007). Section nonlinear properties of
beams and columns were defined using bilinear moment-rotation relationships with

3% post-yield stiffness ratio (Chintanapakdee and Choprd, 2003a).

The analysis of a three-dimensional building was simplified to analysis of a
single ‘two-dimensional BRBF. ‘Seismic masses for each. BRBF,were calculated by
dividing‘the total mass per floor by the number of BRBFs in each principal direction,
which are the floor level masses used in the analysis to account for horizontal inertia
forces. Global P-A effect was considered by a gravity column carrying vertical loads
based on the tributary area of the frame, i.e., total gravity load divided by number of
BRBFs in each direction. The stiffness of this gravity column represents the
equivalent stiffness for all non-frame columns in the building (Kiggins and Uang,

2006). A Rayleigh damping model was used with 5% critical damping ratios for the
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first two modes, according to common practice for code designed steel structures
(Sabelli et al., 2003; and Kiggins and Uang, 2006). Nonlinear static and dynamic
analyses were carried out using the nonlinear dynamic analysis computer program
DRAIN-2DX (Prakash et al., 1993). The natural periods of all models are shown in
Table 3.3.

3.4 Ground Motions and Response Statistigs

Two sets of ground metions, referrea as«=A2/50 and LA10/50, corresponding
to 2% and 10% probabilities of exceedence ina 50-year period are used in this study.
These ground motions werecompiled by the SAC Phase Il Steel Project for a site in
Los Angeles, California (Somerville et al., 1997). These acceleration time histories
were derived from historieal recordings or from simulations of physical fault rupture
processes. Each set of ground motions Eonsists of 20 records which are the fault-
normal and fault-parallel components of{l_O recordings. The records in these suites
include near-fault and farsfault records. The g}ound acceleration time histories of the
LA10/50 and LA2/50 ensembles are showr_i__-i‘rj_ll__:igures 3.6 and 3.7, respectively. The
pseudo-acceleration spectra for.the two se_tsfd{ground motions are shown in Figure
3.8 together with the median épéctra (black édiia_lines). Tables 3.4 and 3.5 provide the
information of LA10/50 and LA2/50 sets of records inéluding: recording station,

earthquake magnitude, distance, scaling factor, and peak ground acceleration (PGA).

To determine the seismic demands~of a building due to a set of ground
motions, each record was sealed such that the spectral acceleration at the fundamental
natural period of the building is egual to the median spectral acceleration for that
period ¢(Table 3:6): This:method of Scaling helps reduce the dispersion of results
(Shome and Cornell, 1997). The pseudo-acceleration spectra of scaled LA10/50 and
LA2/50 sets of ground motions for analyzing 3-, 6-, 10-, and 14-story models are

shown in Figures 3.9.
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Table 3.4 Set of ground motions having 10% probability of being exceeded in 50
years (LA10/50).

. . Earthquake Distance Scaling PGA
Record Earthquake/Recording station Magnitude (km) Factor (cmisec?)
LAO1 1940 Imperial Valley, El Centro 6.9 10 2.01 452
LAO2 1940 Imperial Valley, El Centro 6.9 10 2.01 662
LAO03 1979 Imperial Valley, Array #05 6.5 41 1.01 386
LAO4 1979 Imperial Valley, Array #05 6.5 4.1 1.01 478
LAO5 1979 Imperial Valley, Array #06 6.5 1.2 0.84 295
LAO6 1979 Imperial Valley, Array #06 6.5 1.2 0.84 230
LAO7 1992 Landers, Barstow I 36 3.20 412
LAO08 1992 Landers, Barstow 8 36 3.20 417
LAO9 1992 Landers, Yermo 7.3 25 2.17 509
LA10 1992 Landers, Yermo 78 25 2.17 353
LA1l 1989 Loma Prieta, Gilroy 7.0 12 1.79 652
LA12 1989 Loma Prieta, Gilroy 7.0 12 1.79 950
LA13 1994 Northridge; Newhnall 6.7 6.7 1.03 664
LA14 1994 Northridge, Newhall 6.7 6.7 1.03 644
LA15 1994 Northridge, RipaldikRS 6.7 -5 0.79 523
LA16 1994 Northridge, Rinaldi RS 6.7 7.5 0.79 568
LA17 1994 Northridge, Sylmar 6.7 6.4 0.99 558
LA18 1994 Northridge, Sylmar 6.7 6.4 0.99 801
LA19 1986 North Palm'Springs 6.0 6.7 2.97 999

LA20 1986 North Palm Springs 6.0 6.7 2.97 967

Table 3.5 Set of ground motiens having 2% prebability of being exceeded in 50 years
(LA2/50).

= - Earthquake  Distance Scaling PGA
Record Earthquake/Réecording station magnitude (k) factor (cmisec?)
LA21 1995 Kobe 6.9 34 1.15 1258
LA22 1995 Kobe 6.9 3.4 1.15 903
LA23 1989 Loma Prieta 7.0 3.5 0.82 410
LA24 1989 Loma Prieta 7.0 3.5 0.82 464
LA25 1994 Northridge 6.7 7.5 1.29 854
LA26 1994 Northridge 6.7 7.5 1.29 925
LA27 .1994.-Northridge 6,7 6.4 1.61 909
LA28 11994 Northridge 6.7 6.4 1.61 1304
LA29 1974 Tabas 7.4 1.2 1.08 793
LA30 1974 Tabas 7.4 1.2 1.08 973
LA31 Elysian Park (simulated) 7.1 17.5 1.43 1271
LA32 Elysian Park (simulated) 7.1 175 1.43 1164
LA33 Elysian Park (simulated) 7.1 10.7 0.97 767
LA34 Elysian Park (simulated) 7.1 10.7 0.97 668
LA35 Elysian Park (simulated) 7.1 11.2 1.10 973
LA36 Elysian Park (simulated) 7.1 11.2 1.10 1079
LA37 Palos Verdes (simulated) 7.1 15 0.90 698
LA38 Palos Verdes (simulated) 7.1 15 0.90 761
LA39 Palos Verdes (simulated) 7.1 15 0.88 491

LA40 Palos Verdes (simulated) 7.1 15 0.88 613
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Figure 3.6 LA10/50 ensemble of 20 ground motions: ground accelerations.
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The response of each building to each set of the ground motions was
determined by nonlinear response history analysis (NL-RHA), and a nonlinear static
procedure (NSP), e.g., MPA, IMPA and MPP. The peak value of inter-story drift, A,
determined by NL-RHA is denoted by A, g » and from NSP by A,g.. From these

data for each ground motion, a response ratio was determined from the following

equation: A\ = Ay / Ay _rua- The median values, X, defined as the geometric
mean, of n observed values (%) of A& A s, and A ; and the dispersion

measures & of A, definedas the standard deviation of logarithm of the n observed

values were calculated:

LY (3.5)

-
% g \/zi%‘(ln_xi ~InX) (3.6)

-1

e gt . L
An advantage of using the geometric mean as the estimator of median is that

the ratio of the median of A, T the median of Ajpu. is equal to the median of the

ratio Ay, i.€., the-_.b:ias of NSP in estimating the meq,-T_ah response is equal to the

median of bias in estimating response to individual excitation.
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Figure 3.8 Pseudo-acceleration spectra of (a) LA10/50, and (b) LA2/50 set of ground

motions.
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Table 3.6 Median spectral acceleration at the fundamental period A(T,) /g of each
building.

Median spectral acceleration A(T;) /g

Set of records

3-story 6-story 10-story 14-story
LA10/50 1.187 0.896 0.781 0.619
LA2/50 1.775 1.783 1.390 1.205

3.5 Evaluation of Selected Nonlinear Static.Procedures

The bias and accuraey of the MPAIMPA and MPP procedures applied to
BRBF buildings are evaluated by comparing the target roof displacements, peak floor
(or roof) displacements and«nter-story drifts compared to more accurate results from

nonlinear response historyanalysis (NL-RHA).

3.5.1 Target Roof Displacements

Pushover curves, whici show the relationship between the base shear force
and the roof displacement; for the 3=, 6-, 10- rand 14-story BRBF buildings due to the
first ‘mode’ load pattern (MPA), variable ‘Ia,IeraI force distribution (IMPA) and
seismic mass (or weight) distribution (\VIPP) are plotted in Figure 3.10. The pushover
curves for these frames are approximately tri-linear in nature whose details were
discussed by Chintanapakdee et al. (2009). The variable lateral force distribution of
IMPA procedure in this'study Is taken as a three-phase load pattern, which changes at
the first and second yielding.points of the pushover curve. Figure 3.10 shows that the
pushover curve of IIMPA is similarto MPA. This results in nearly identical estimates
of target roof displacements of both.procedures. It implies that the changes of lateral

load distribution of+IMPA procedure are not significant whereas-the-mgw =wu force

distribution of MPP leads to different results. Pushover curves of MPP are always
higher and stiffer than both MPA’s and IMPA’s for all cases.

On each pushover curve, diamond (MPA), star (IMPA) and circle (MPP)
markers show the peak roof displacements of buildings determined by NL-RHA of
the equivalent single-degree-of-freedom (SDF) system due to 20 records in each set of
ground motions. The ductility factors of the first ‘mode’, defined here as the ratio

between median of peak roof displacements determined by NL-RHA and yield roof
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displacement estimated by first ‘mode’ load pattern, are about 1.94 to 6.02 for
LA10/50 and 2.93 to 14.85 for LA2/50 ground motions, respectively. Table 3.7 shows
the median ductility factors for these BRBF buildings calculated from NL-RHA
estimate. The median ductility factor noticeably decreases when the building height

increases.
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Table 3.7 Median ductility factors for building models calculated from NL-RHA
estimate of peak roof displacement.

Set of q Building model
et ot records 3-story 6-story 10-story 14-story
LA10/50 6.02 3.25 2.20 1.94
LA2/50 14.85 7.29 3.52 2.93
(a) LA10/50 (b) LA2/50
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Figure 3.11 Histograms of ratio (u:)SDF for 3-, 6-, 10-, and 14-story BRBF buildings
due to (a) LA10/50 and (b) LA2/50 ground motions.
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The accuracy of target maximum roof displacements predicted by

displacement of the equivalent SDF systems: (u, ). =7¢,D, for MPA and IMPA

SDF

or (ur)SDF =/1"D,, for MPP are examined by calculating the ratio between the SDF

system’s estimate and roof displacement determined from NL-RHA:
(U ko = (U )sor /Uy ). The ratio (u’),,. being close to 1 indicates good

accuracy. The histograms of these ratios are shown in Figure 3.11. The median and
dispersion of the peak roof displacements are also.noted. Figure 3.11 shows that the
SDF systems of these nonlinear static procedures slightly over-estimate the maximum
roof displacements but-the bias-0irMPA and IMPA"is no larger than 15% for set of
LA10/50 ground motiens and 19% for stronger ground motions LA2/50 while the bias
of MPP is 14% and 28% for LLA10/50 and LA2/50 records, respectively. The IMPA
tends to predict the median and dispersibh of target roof displacements better than
MPA; however, the differenge is not signifiéant while the MPP tends to estimate the
maximum roof displacements stightly: more accurate than both MPA and IMPA for
set of LA10/50 but less accurate forstrongersecords LA2/50.

3.5.2 Peak Floor/Roof Displacements IO

The responses; of the BRBF buildings Studied -to the two sets of ground
motions were determined by MPA, IMPA, MPP nonlinear static procedures and by
nonlinear response history analysis (NL-RHA). The MPA and IMPA were considered
as many modeS.as‘to/include participating‘mass at‘ieast 95% of the total mass. For the
structures in this study, the contribution of the first two ‘modes’ for a 3-story building,
three ‘modes’ for 6= and 10-story-buildings; and four, “mades’, for,a 44-story building
were considered to“estimate “the ‘seismic’ demands." The~combined-values of floor
displacements and story drifts were computed by using the SRSS modal combination

rule.

The peak floor/roof displacement demands from the four methods are
compared in Figure 3.12; the results from modal pushover analysis (MPA) including
only the fundamental ‘mode’ are also shown by the dashed line. These results lead to
the following observations for the BRBF system. The contributions of higher ‘modes’
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of MPA and IMPA procedures to floor displacements are not significant. One ‘mode’
pushover analysis, MPA, and IMPA can estimate the peak floor displacements
reasonably well with a tendency to slightly overestimate the floor/roof displacement
compared to NL-RHA while the MPP tends to significantly overestimate peak floor

displacements of lower stories (Figure 3.12).
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Figure 3.12 Median floor displacements of 3-, 6-, 10- and 14-story BRBF buildings
determined by one~mode’pushoverjanalysis, MPA, IMPA; MPR-andsNL-RHA due to
LAZ10/50. (first row),'and LA2/50°(second row) ground mations.

Figure 3.13 shows the median floor displacement ratio, Uye, = Uyep /Uy _ppsas

due to the two sets of ground motions. It can be seen that the MPA procedure can
accurately estimate floor displacements of the 3-, 6-, 10-, and 14-story BRBF
buildings; the bias is generally less than 20% and 30% for LA10/50 and LA2/50
ground motions, respectively. The IMPA tends to overlap the MPA with slight
difference whereas the MPP tends to much overestimate peak floor displacements of



lower stories with increasing bias when the building height increases. The bias of
MPP is very large for BRBF buildings taller than 6 stories considered in this study.
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Figure 3.13 Floor displacement ratio of 3-, 6-, 10- and 14-story BRBF buildings due
to LA10/50 (first rew) and LA2/50+(second-row) ground metions.

3.5.3 Story;Prift, Demands

Unlike the floor/roof displacements, the contributions of higher ‘modes’ in
estimating the story drifts of MPA and IMPA procedures are more significant,
especially in upper stories of tall BRBF buildings. Figure 3.14 shows that the story
drift demands of 10-, and 14-story BRBF buildings predicted by MPA are able to
follow the NL-RHA results whereas the first ‘mode’ alone is inadequate. With three
or four ‘modes’ included, the story drifts estimated by MPA are generally similar to

the results from nonlinear RHA. However, the MPA story drift results including two
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‘modes’ for 3-story and three ‘modes’ for 6-story BRBF buildings are close to the one
‘mode’ results indicating that the contributions of higher ‘“modes’ are not significant
for these buildings. Both one ‘mode’ pushover analysis and MPA can estimate the
response of structures reasonably well, although their results differ from the NL-RHA
results at some stories. Similar to investigations of peak floor/roof displacements,
IMPA estimates tend to overlap the MPA estimates in estimating story drift demands.
The MPP excessively overestimates @ story. drifts in the lower stories but
underestimates the story drifts in the upper stories.in these cases. Moreover, the story
drifts predicted by the MPP procedure seem-to-be uniform in the upper stories,
especially for 10- and 14-siory-BRBF buildings.
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Figure 3.14 Median story drifts of 3-, 6-, 10- and 14-story BRBF buildings
determined by one ‘mode’ pushover analysis, MPA, IMPA, MPP and NL-RHA due to
LAZ10/50 (first row), and LA2/50 (second row) ground motions.
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Figure 3.15 shows the median story drift ratio, A\ = Ay /Ay _rua» dUe to

the two sets of ground motions. The bias of MPA, IMPA and MPP nonlinear static
procedures in estimating seismic demands tends to increase for stronger excitations
and the variation of the NSP bias in estimating seismic demands along building height
primarily depends on the building height rather than the intensity of ground motions.
The bias of MPA and IMPA in estimating peak story drifts at an individual story can
be as large as 50% and 60% at certain locations for LA10/50 and LA2/50 ground
motions, respectively. Meanwhile, the bias ef IMPP in peak story drifts estimation at
an individual story can be as large as 80% for tWo Sets of ground motions; however, it
overestimates story drifts. by as much as 200% for the lower stories of 14-story
building. This is because.the PP significantly overestimates floor displacements for

lower stories due to the total seismic'mass (or weight) load pattern (Figure 3.12).

_—

3-story 6-story v 10-story 14-story

4

3 6 7. 10 14
LA10/50 >J / Thio 4 13 7
5 | N - 12
- 4P 1 11
- -‘7-4', 10 N
2 4 4 ’ i _-6 ::IJ:.I 9
P —r 8
2 31 - v B ]
n 7 e ,-4_ e _ 6 -
1 2 ‘ 51
| / - 3 4 1
- PAR L 2R i 3 1
i1 N o
= ¥ =IMPA | = 1 1]

0 |_'O|_|MPP| V,O L MR 0 } 0

0 1 2 0 1 2 0 1 2 0 1 2

3 6 10 14
LA2/50 9 4 13 A
£ | 12
\ 8 h ll 4
g 10.4
2 4 ] ! 9 -

\ 6

> i
S 3 5 A 7
) 4 g:
1 / 2 3 2
1 27 3]
14 1]

0 I [ R R O T R 1 T T T 0 0

0 1 2 0 1 2 0 1 2 0 1 2

Story drift ratio, Aye =Aye /Ay rua
Figure 3.15 Story drift ratio of 3-, 6-, 10- and 14-story BRBF buildings due to

LAZ10/50 (first row) and LA2/50 (second row) ground motions.



61

3-story 6-story 10-story 14-story
4 5 4 4 ~ 4
LA 10/50 &° . o G0
a o A .
3 . o© ,.\3 i A3 09 30 A3 o %00 ) f
PR 0 2 - . Sal & S2d o
g ‘80 o o % o o o
5 % S N
% eMPA | £ g on/ ¢ & o
<l A IMPA <l A g1 A 1 'S
0 CMPP o SR 0 _— 0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
ANL-RRA (%) AnL-RHA (%0) ANL-RHA (%0) AnL-RHA (%0)
9 . 9 9 9 _
o] o
LA 2/50 y ° ° w0 4
- o —_ —a | ° ~c | °
9\167 e ° Oaﬁ 5,67 ) 986 o ° s 9\i6 °%a
o o I e % ® o~ % gd; 5 o0 ®
331 431 of 4 | 2315 a3 &
o 5
O 0 T v O oL 0 T T
0 3 6 ¢ 0 5 9] 9 0 2 6 9 0 3 6
ANL-RHA (%0) AL riA(%0) Ani-rHA (%0) ANL-RHA (%0)

.

Figure 3.16 Maximum,story drifts aver all stories determine by NSP, A, , versus
‘exact’ values Ay, gqya, dOr 3-, 6-, 10- anéi_ 14-story. BRBF buildings due to LA10/50

(first row), and LA2/50 (second row) grouﬁq motiens.

To verify a building design or to evz@é{é an existing structure, building codes
usually require the maximum-story drift many stories to be less than its allowable
value. Figure 3.16 plots the maximum story drifts over all-stories determined by NL-
RHA and NSP as abscissa and ordinate, respectively, with diamond markers for
MPA, star markers for‘IMPA and circle markers for MPP. The MPA and IMPA data
points are clustered along the diagonal line indicating.that, the. maximum story drifts

over all stories estimated by MPA-and IMPA are-elose to'the value from NL-RHA.
The median and dispersion of story“drift ratio_Ajs considering maximum story drift
over all ‘stories are'also shown in“Table 3.8. The-median-story-drift-ratios of MPA,
Aypa, Fange from 0.93 to 1.14 while the median story-drift ratios of IMPA, A0,
from 0.92 to 1.16 indicating that both MPA and IMPA procedures predict maximum
story drifts over all stories with a bias less than 14% and 16% for these BRBF
buildings, respectively. On the contrary, the bias in estimating the maximum story

drifts over all stories of MPP can be considerable in the range from 1.22 to 2.26. This

implies that MPP significantly overestimates the maximum story drift over all stories.
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Table 3.8 Median and dispersion of maximum story drift ratios over all stories
determine by MPA, IMPA and MPP, A, versus ‘exact’ values, Ay, qua-

ri(?(t)gs 3-story 6-story 10-story 14-story
A, =0982;56=0119 A, =0949:5=0205 A, =1058,6=0214 A, =0.986,6=0248
LAL0/50 A, =0.983; 6 =0.117 A, =0.952;5=0.206 A, =1.101;5=0.220 A\, =0.987;5=0.249
A, =1.353;5=0163 A, =1.244;5=0209 A", =2.154;5=0.284 A’ =1831;5=0.317
Al =0.926;5=0.132 A, =1013;5=0.203 A, =1.143;5=0.226 A, =1.046;5=0.298
LA2/S0  Ayyps =0.922;5=0.128 A, =1.015,6 20.202 A\, =1.161,5=0.227 A, =1.048;5=0.297
Ao, =1.225:5=0.149 A" =1.422;5 20212 47, =1839,5=0364 A", =2.256;5=0.287

-

The dispersion & 0f stery-drift ratios of MPA and IMPA range from 0.117 for
3-story building to 0.298 fer a14-story building with a tendency to increase as the
building becomes taller or ground motions.become stronger. Meantime, the dispersion
o of story-drift ratios.of MPP range fron_;n 0.149 10 0.364 for these BRBF buildings.
This implies that the accuracy of NSPs in;’grédicting the response due to an individual
ground motion deteriorates when applied:-to’-taller BRBF buildings or subjected to
stronger ground motions. Among these cé{esz the dispersion is still small, less than
0.298 for MPA and IMPA and 6.364 for MPPJ when NSPs are used to estimate the
maximum story drift.over-all stories. More'diiér‘,'the dispersion of story-drift ratios of
MPP is always largér-ihan-both-MPA s-and HViPA s: Thus, MPA and IMPA can be a
useful analysis tool to estimate the peak story drift over all stories in evaluating
existing buildings or design of new buildings using BRBFs. Both of these procedures
provide practically the same (results dbut “MPRA S simpler, and more practical than
IMPA because itjinvolves an invariant load pattern. On the contrary, the MPP method
is simple with no need. to.conduct a modal, analysis,to capture the_ effects of higher
‘modes’ " but"it may be ‘inaccurate’ inestimating' seismic demands-for BRBF tall

buildings due to strong ground motions.



CHAPTER IV

STRUCTURAL SYSTEM, GROUND MOTIONS AND
RESPONSE STATISTICS

4.1 Introduction

Bridges are extremely important eomponents in modern transportation
networks. Bridges play the role of critical lifeline facilities due to their significance in
the economic development.of a nation‘and theirimportance in supporting the daily
functions. Unfortunately, sueh .essential systems often become the victims of
earthquakes. Society suffers‘@ tremendous cost and inconvenience due to the collapse
of a bridge. Even non=Collapsed  the temporary lost of post-earthquake serviceability
of important bridges may cause very cdstly disruption to vehicle traffic on major
transportation arteries and 1s Simply unaccep:t-able (Zhang, 1999; and Hashimoto et al.,
2005). Additionally, the direct economic loss/ attributed to replacement or repair cost
of the damaged bridges, forms only a mi'n‘rbr portion of the total losses. The major
cost, which is often difficult to estimate acéu}é"tely, is associated with the disruption
of vehicular movement immediately folloWin'g the earthquakes and during the long
reconstruction phase {Rese-and-Lim;-2002).-tn-order-io:ensure the functionality and
operationally of bridges, it is therefore essential to design them to safely withstand the

devastating forces of earthquake ground motions.

With the rapid ‘development of highway systems, steel"bridges have become a
viable option ofthighway viaducts, urban expressways, valley- or river-crossings and
widely-used:in-Japan because-of:ithe simplicity of fabrication and censtruction, speed
of erection as well as fow cost for maintenance. They are considered specially
advantageous in regions of high seismic activity (Usami and Kumar, 1998; and Hsu
and Chang, 2001). Recent strong earthquakes have caused collapse or severe damage
to a considerable number of steel bridges. For instance, a steel girder bridge named
South Fork Eel was damaged due to the 1992 Petrolia Earthquake, as reported by Itani
et al. (2004). Local failures or total collapses of bridges represent not only immediate

concern for loss of life and repair costs, but also financial restrictions and major
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economic impact due to the temporary suspension of traffic serviceability (Menoni,
2001; Chang and Nojima, 2001; and Rose and Lim, 2002).

Japan is one of the most seismically prone countries in the world and has often
suffered significant damage from large earthquakes. More than 3000 bridges have
sustained seismic damage since the 1923 Kanto earthquake (Unjoh, 1999). The 1995
Hyogoken Nanbu earthquake supposed an inflexion point in seismic design of bridges
in Japan. Seismic design of bridge structures has greatly evolved in the last decade in
response to the serious damage to bridges-observed in the 1995 Hyogoken-Nanbu
earthquake. The simply-supported bridges are vulnerable by the failure due to deck
unseating (Dicleli and Bruneau;” 1995; and Rashidi and Saadeghvaziri, 1997). As a
positive fact, the Hyogoken-Nanbu earthquake provided a stimulus to investigate the
seismic response of highway bridges. Immediately after the earthquake the Japanese
Specifications for Highway Bridges were revised in 1996 (JRA, 1996). To improve
the seismic performance of bridges due to deck unseating in the particular case of
simply-supported superstructures, a poss_ibjlé; solution consists in making girders
continuous over the piers hy linking the vv‘élisrlt_ogether with tie-plates (Keady et al.,
1999). =

It is widely. recognized that bridges are complex structures which consist of
many structural members. Therefore, an accurate prediciion of the bridge dynamic
responses requires the adoption of three-dimensional models instead of two-
dimensional analytical ‘approaches. Thesé..three-dimensional models can provide
accurate estimates of seismi¢ nonlinear behaviors of bridges due to both material and

geometrical nonlinearities of the structures.

One of irregularities of bridges is found at;the weak cannection between deck
superstructure and substructure members. This link is considerably fragile due to the
vulnerability of bearing supports. Several examples of bearing failures can be found
in the 1995 Hyogoken Nanbu earthquake (Wilson, 2003). Figure 4.1 shows several
examples of various types of structural damages to steel bearings of bridges occurred
in Hokkaido during the 2003 Tokachi Oki Earthquake (Julian, 2005).
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(d) Destructlon of bearing assembly

Figure 4.1 Seismic damages to steeL—bearl 9 ports (Julian, 2005).

Lans,_n_shﬁﬁﬁqglear how the necessity of

ating seismic demands in

Based on th_e}lbove con3|derat
accurately assessm he state of eX|st|ng
design new bridges hgs become a deeply felt issueuFor this reason, the study
presented prorﬁes an extension of MPA procedure in estimating seismic demands for

bridges. This puﬁ%iLg mt&ltm gsw &rluf:ﬂ ﬂ ijEd to assess the bias

and accuracy oqu‘ne proposed extension of MPA procedure. Differgnt bearing supports
orne AR IRTFRHHINE R Y
4.2 Structural System

In recent decades, steel bridges have become widely used to support highway
viaducts in urban areas, valley- or river-crossings, and considered specially
advantageous in regions of high seismic activity. Twin I-girders steel bridges have
been considered as one of the most popular bridge types for short and medium span
bridges in Japan with span length of more than 50 m. This type of steel bridge has
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advantageous in relation to the simplicity of its fabrication, design and low cost for
maintenance, speed of erection as well as construction. However, these I-girders have
lower structural damping and less torsional stiffness than conventional plate girder
bridges and may cause problems related to vibration due to earthquakes, especially
when the span length of the bridges becomes longer. For these reasons, an actual twin
I-girder bridge is selected and analyzed due to a set of 20 strong ground motions to
assess the bias, accuracy, efficiency, and also the practicality of the proposed

extension of MPA procedure.in this study.

4.2.1 Description of the Bridge

The bridge selegted in this study is an existing continuous steel twin I-girder
bridge with PC slab thatshas structural charateristics of typical highway viaducts in
Japan, with bridge companents designed in.compliance with the Japanese Code (JRA,
1996). The bridge considered is the Chidorinosawa river bridge which has four spans
with two steel main girders;and concrete slab (Tamura et al., 1998). The selected
bridge is 194 m total length divided-into four spans varying from 41 m to 53 m. The
bridge superstructure consists of a concrete deck slab that rests on two I-shape steel
girders. The two main I-girders are 2.9 m deep and spaced transversely 5.7 m apart.
The girders are interconnected by end-span diaphragms as well as intermediate
diaphragms spacing of5.0 m to 6.0 m. The deck weight is supported by three piers
whose height varies from 32.m to 34 m along the length. The elevation view of this
bridge is shown in Figure 42. Theglobal ceordinate system for the bridge is shown in
the figure, in which the x-axis refers to the longitudinal direction,of the bridge along
the centerline of the read; the y-axis indicates the transverse horizontal direction, and

the z-axis is vertical.
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Figure 4.2 Elevation view of Chidorinosawa river bridge.
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Figure 4.3 End and intermediate cross sections of the bridge studied.

The cross sections of the two main girders are uniform throughout the bridge’s
spans. These main girders are interconnected with each other by a reinforced concrete
bridge deck, which aets gompaositety With_ the steel main girders, and transverse
members (e.g., the crosstbeams). The cross beams are connected to the webs of main
girders through transversg stifieners of 250fhm wide and 25mm thick. The cross
section the basic geometric properties of th'éi's?tyldied bridge are presented in Figure 4.3

and Table 4.1, respectively. =

Seismic force§at the deck are transmitted fromithg cross beams to arrive at the
top of the bearings, to'reach the substructure and finally the ground. In this study the
effect of soil-structure interaction 1s not taken into account, and the base of piers are

considered as fixed supperts.on the ground.

Table 4.1 Basi¢ geometric properties of cross section of the studied bridge.

Deck width x thickness (m) 11.4x0.32
Dimensions of theymain girders (mm) Upper flange 500x30
Web 2900x24

Lower flange 800x50

Dimensions of the cross beam (mm) Web 900x16
Flange 300x25

Dimensions of the end cross beam (mm) Web 1900x16

Flange 300x25
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4.2.2 Bearing Supports

To consider the influence of bearing supports to the bias and accuracy of the
proposed extension of MPA procedure in estimating seismic responses of the bridges.
Two cases of bearing supports are considered in this study: (1) the superstructure is
supported by steel bearings (SB), and (2) the deck is seismically isolated by Lead
Rubber Bearings (LRBS).

4.2.2.1 Steel Bearing Supports

Steel bearings have-been. extensively installed in bridges to transfer vertical
and horizontal forces drom the superstructure to the substructure. An adequate
combination of fixed and roller steel bearings is considered optimal to support the
superstructure weight, providing accommddation for thermal expansion, contraction
and rotation to the deck superstructure. However, recent strong earthquakes, including
the Hyogoken-Nanbu earthguake, have clearly. demonstrated the poor performance of
steel bearings under seismic loads and the disastrous consequences that a bearing
failure can have on the overall garthquake perfermance of a bridge (Tanimura et al.,
2002). Therefore, it emphasized that the bearing support is one of the essential
structural members.of‘a bridge.

In the bridge equipped with steel bearings (SB) in this study, steel fixed
bearings are installed on all piers (P1, P2 and P3 as shiown in Figure 4.2) and steel
roller bearings-are,applied-at bath, end-of-the Jbridge-to.allow for movement in the

longitudinal direction while'restrained by stoppers ‘in'the transverse direction.

A typical steel fixed bearing consists of a-metal easing witheach part welded
to the top and bottom steel plates. The'top steel plate of the'bearing isconnected to the
deck girder by connection bolts and the bottom steel plate is connected to the pier by
anchor bolts. Steel roller bearings have similar details of fixed bearings, except the
casings, which have a special configuration to allow for some movement of the
supported deck in longitudinal direction. Roller supports are free to translate along the
surface upon which the roller rests, allowing the bridge structure to move under
seismic and non-seismic loadings. Therefore, both steel bearings are considered
transversally fixed in the 3D model.
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4.2.2.2 Lead-Rubber Bearing Isolation System

Steel bearings have performed poorly and have been damaged by relatively
minor seismic shaking (DesRoches et al., 2004). Therefore, many innovative systems
are being developed for the purpose of seismic isolation of bridges. One of the most
widely adopted isolation system is the Lead Rubber Bearing (LRB) shown in Figure
4.4. Lead-Rubber Bearings (LRB) have found wide application in bridge structures to
replace the vulnerable steel bearing suppor{fy( /,an et al., 2005). LRB bearings are steel
reinforced elastomeric bearings in which a Ie{ad—'pf_,g is inserted to provide hysteretic
damping as well as rlgldjugalnst ml'Jor earthquakes wind and service loads. The

lead plug yields at relaty_e.lyf

seismic energy and reduciion f,;earthq ake response (Turkington et al., 1989). It has

shearing stress resulting in significant dissipation of

been demonstrated that the bri equip:oed with LRB support perform effectively in
reducing the seismic responses during; eazghquake (Bessason and Haflidason, 2004).

'l JEJ
..-'J' T i.

earings -~ L,
Under normal conditio"rfg,';_l"_'RB beiﬁﬂ"és behave like regular bearings. The
isolation device, represented ih$i§ﬁre 4. 5:3‘;5““éhéracterized by a high initial stiffness

provided by the Iead;plug_mse:ted_xn.tt:e_beang_tcgmijndeS|rable displacements

under service requwements wind action and minor ear-thquakes However, the shear

4.2.2.2.1 Components of

stiffness decreases favﬁrably for moderate levels of defO‘Fmatlon allowing the isolator
to uncouple ther bridge fromsthe .-damaging saction; of, earthgquake ground motions.
Therefore, the'seismic'damage’of the structure is minimized through the reduction of
the seismic inertial loads.

Figure 4.4 LRB isolation devices installed in bridge structures.
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(a) steel load plates: vertical loads distribution and
shear transfer

(b) steel reinforcing plate: vertical load capacity, lead
core confinement

(©) rubber cover: steel plates protection

(d) internal rubber layer: lateral flexibility

(e) lead plug: damping, energy dissipation, initial
pigidity

-
Figure 4.5 Components of LRB-bearing supporis.
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Figure 4.6 Response sgéctrum of bridge.

v

Bridges:are ideal candidates for the"adoption of base ‘isolation technology due

to the convenience of installation, inspection and maintenance of isolation devices.

The seismievisolationcbearing protects the /bridgeaby gncreasing cthe fundamental

natural period and ‘also by dissipation of seismic” energy through the additional

hysteretic damping due to yielding of the lead core (Robinson, 1982). Thus the natural

vibration period of the bridge is moved away from the high-energy seismic ground

period and seismic energy transfer to the structure is minimized (Figure 4.6).

Therefore usage of seismic isolation on soft or weak soil conditions, where long

period ground motion is dominant, reduces the benefits offered by the technology

(Yoshikawa et al., 2000). Another consideration is related to the large deformations
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that may occur in the seismic base-isolation bearings during an intense ground

motion, which causes large displacements of the deck (Roberts, 2005).

4.2.2.2.2 LRB Analytical Model

LRB bearings can be modeled in a variety of ways, ranging from very simple
models to rather sophisticated finite element models (Hwang et al., 1996; Salomon et
al., 1999). Nevertheless, the most widely used analytical model is the bilinear
idealization due to its simplieity and accuracy to estimate the force-displacement
relationship of the isolation systems (Ali et al., 1995). Figure 4.7a presents the
bilinear force-displacemenihysteresis loop of LRB bearing supports. It has been
demonstrated that the bilinearanalytical model can provide a good estimate of LRB
behaviour under low-tosmoderate’ earthquake ground motions. However, this
analytical model is not ablé to capture the hardening behaviour at large strain ranges
of LRB system due to sirong ground-motiens (Julian et al., 2007).

Sato et al. (2002)'showed that the LRB supports display significant hardening
behaviour beyond certain high sirain Ievels.r'lr"his hardening behaviour is caused by
geometric effects and rubber material properties. Due to hardening effect on the LRB
supports, the seismicresponse of the bridges are affecied when subjected to strong
earthquake ground motions. For this reason, a trilinear analytical model shown in
Figure 4.7b was intraduced to represent the strain hardening effect at high strain
levels, and thus to dccurately reproduce the hysteresis loop obtained from
experimental tests on (LRB:bearings. This trilinear analytical model can accurately
capture the large strain hardeningsbehaviour with relatively easy implementation
(Morishita et al., 2002).

For the isolated case considered in this study, the superstructure is supported
on three piers (P1, P2 and P3) by LRB bearings. The structural properties of LRB
bearing supports used in this study is L1 representing the small bearing (Table 4.2).
The characteristics of L1 LRB can be found in Julian et al. (2007). The orientation of
the LRBs is such that they allow for longitudinal and transverse movements. The
LRBs are represented by the trilinear force-displacement hysteresis loop shown in
Figure 4.7b.



72

Table 4.2 Structural properties of LRB bearings considering hardening effect.

Bearing Pier K1 K, Ks F1 F2
type location (MN/m)  (MN/m)  (MN/m) (MN) (MN)
L1 P1, P2, P3 24.50 2.45 7.35 0.245 0.833
FA FA
Ks
Kz Foo|

(a) Bilinear model (b) Trilinear model

Figure 4.7 Bilinear and trilinear analytical models of LRB bearing supports.

4.2.3 Finite Element Model of the Bridge

A bridge can-be modeled in a variety of ways, ranging from very simple
models to rather. sophisticated finite element models (Ali and Abdel-Ghaffar, 1995;
Chen, 1996; Jangid, 2004y Nasim_et al.,c2008; and Ngo-Tran et al., 2008). The
dynamic analysis of complex structural systems,.like bridges, for; earthquake loads
often entails simplifying assumptions. Regardless of the type of models adopted,
reasonable results can be obtained if all important behavioral aspects of the bridge are
properly accounted for. For instance, two-dimensional (2D) plane-frame structural
models have been often used in the recent past to study the vibration and dynamic
responses of bridges. These 2D models are still widely required for the preliminary
seismic assessment of bridges when only approximate solutions are needed or when

detailed models are not warranted. Despite its simplicity and ease of application, these
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simple models may not be able to capture the dynamic responses of the bridges and
their seismic behaviors may not represent the actual bridges.

For this reason, in making the refinement, three-dimensional (3D) analytical
models have become necessary in design of complex structures, since 2D models can
not capture important seismic response characteristics. For instance, a 3D model
allows for consideration of the torsional vibration of the bridge deck or coupling

between lateral and torsional responses of acttal bridges.

The three-dimensional finite element model of the selected bridge is created
by using appropriate elements: The piers are modeled as a series of frame elements.
ATC-32 (1996a-b) suggested«that a minimum of three elements per bent should be
used. However, the piers are moceled by using twenty elements to represent long
piers in this study. The three-dimension&l frames s used to simulate the seismic
behavior of bridge structures.Inthe analytical model, the material nonlinear behavior
is modeled by plasticc hinges - using moment-rotation (M —@&) relation
(Chintanapakdee and Chopra, 2003a; Paraskeva et al., 2006; and Banerjee and
Shinozuka, 2007). Plastic hinges-and shear }fail'_ures are considered for all girder, pier
and crossheam elements. The three-dimensional P-M-M interaction yield surface
proposed by El-Tawil and Deierlein (2001a-b) was used. Cross-section properties of
girders and piers were defined using bilinear moment-rotation relationships for each
P-M plane with 1% post-yield stiffness ratio. A finite-element mesh of steel main
girders and crossbeam elements are modeléd‘at the bottom surface of the deck slabs.
The mass of the superstrueture 'is_divided-and’ lumped on nodes of the steel main
girder elements, and the mass of the substructure.is similarly divided and lumped on
nodes of elements (Murakoshi et al., 2006; Fumoto et al., 2006; and Julian et al.,
2007). Rayleigh damping was used with 2% damping ratios for the first two modes,
according to common practice for code designed steel structures (Julian et al., 2007).
P—A effect was also considered for this study. Nonlinear static and dynamic analyses
were carried out using computer program PERFORM 3D (CSi, 2006) and MATLAB
(2007) was used for pre and post processing. The finite element model of the studied

bridge is shown in Figure 4.8.
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Cross beam

P3
= Mass of superstructure

| | Rigid element
X <+—— Bearing support
y
P1
Pier element

Figure 4.8 Finite element.model of the.studied Bridge:

4.3 Ground motions l

The seismic exciiation used in tEIS study is defined by a set of 20 LMSR
(Large-Magnitude-SmaII-distance)-record:;. Table 4.3 provides the information of the
LMSR set of records includin_g:_name’_:gfg_record, recording station, earthquake
magnitude, distance, peak ground_igcceleraj:i_gﬁ (PGA), peak ground velocity (PGV)
and peak ground displacement:(PGD). The'éégjground motions were obtained from
California earthquakes of magnitude rangin@‘y;am 6.6 to 6.9 recorded at distances of
13 to 30 km on firm gil (NEHRP site _q!ass ,D) and _uSe_d by Chintanapakdee and

Chopra (2003b). The-ﬁground acceleration, velocity and drisplacement time histories of
the LMSR ensemble aré shown in Figures 4.9, 4.10 and 4.11. Note that although this
set of 20 records is binnéd«fer the given earthquake scenario, there is large variability
from record to record. The pseudo-acceleration; pseudo-velocity and deformation
spectra for the set of ground motions with damping ratio 2% are ,shown in Figures
4.12, 448 and 4.14+ogether with'the median spectra (black solid+ines). These ground
motions ‘are applied in both horizontal directions of the bridge, namely transverse and

longitudinal directions.



Table 4.3 List of ground motions in LMSR ensemble.

*

No. Earthquake Name Record Location Magnitude (Iljm) Yoo ) Yoo Yoo

(cm/s) (cm/s) (cm)
1 1989 Loma Prieta LP8%gw  Agnews State Hospital 6.9 28.2 169 25.9 12.6
2 1989 Loma Prieta LP89cap  Capitola 6.9 145 435 29.2 55
3 1989 Loma Prieta LP89g03  Gilroy Array#3 6.9 144 360 44.7 19.3
4 1989 Loma Prieta LP89g04  Gilroy Array #4 6.9 16.1 208 37.9 10.1
5 1989 Loma Prieta LP89gmr  Gilroy Array#7 6.9 24.2 221 16.4 25
6 1989 Loma Prieta LP89hch  Hollister City Hall 6.9 28.2 242 38.5 17.7
7 1989 Loma Prieta LP89hda  Hollister Diff Array 6.9 25.8 274 35.6 13.0
8 1989 Loma Prieta LP89svl Sunnyvale - Colton Ave. : 6.9 28.8 203 37.3 19.1
9 1994 Northridge NR94cnp  Canoga Park - Topanga Canyon o 15.8 412 60.7 20.3
10 1994 Northridge NR94far LA - N Faring Rd 6.7 23.9 268 15.8 3.3
11 1994 Northridge NR94fle LA - Fletcher Dr oA 29.5 236 26.2 3.6
12 1994 Northridge NR94glp  Glendale - Las Palmas 6.7 25.4 202 7.40 1.8
13 1994 Northridge NR94hol LA - Hollywood Stor FF 6.7 25.5 227 18.2 4.8
14 1994 Northridge NR94nya La Crescenta - New York 6.7 22.3 156 11.3 3.0
15 1994 Northridge NR94stc  Northridge-Saticoy St 6.7 13.3 361 28.9 8.4
16 1971 San Fernando SF71pel LA - Hollywood Stor Lot 6.6 21.2 171 14.8 6.3
17 1987 Superstition Hills ~ SH87bra  Brawley 6.7 18.2 153 13.9 5.3
18 1987 Superstition Hills ~ SH87icc  El Centra Imp. Go. Center 6.7 13.9 351 46.3 17.6
19 1987 Superstition Hills ~ SH87pls  Plaster City 6.7 21.0 182 20.6 5.4
20 1987 Superstition Hills ~ SH87wsm_ Westmorland Fire Station 817 13.3 169 235 131

*The closest distance to fault rupture.
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Figure 4.9 Ground accelerations of LMSR ensemble of 20 ground motions.
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Figure 4.10 Ground velocities of LMSR ensemble of 20 ground motions.
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Figure 4.11 Ground displacements of LMSR ensemble of 20 ground motions.
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4.4 Response Statistics

The dynamic responses of the bridge studied to each of the 20 ground motions
are determined by the two procedures described in the previous chapter: nonlinear
response history analysis (NL-RHA) (Section 2.2.1), and the proposed extension of
MPA procedure (Section 2.3).

The “exact” peak value of s | response, r, determined by NL-RHA is

denoted by 1, q4., @and the approximé om MPA by r,,.,. From these data

for each ground motion, a from the following equation:

*

Foea = Tupa ! T rin - A if the median of the response

ratio differs from one, e if the ratio is less than one,

and provides an over

The median a i ion.o Iculated by Equations (3.5) and

AUEINENINYINg
RIAINTUNNIINYIAL



CHAPTER V

SEISMIC RESPONSES OF BRIDGE USING THE PROPOSED
EXTENSION OF MODAL PUSHOVER ANALYSIS PROCEDURE

5.1 Introduction

The modal pushover analysis (MPA) procedure proposed and developed
earlier for estimating seismic demands For_buildings (Chopra and Goel, 2002) is
adapted for three-dimensional-bridges (Section.2.3). The proposed extension of MPA
procedure is implemented in estimating seismic demands of the studied bridge due to
the set of twenty LMSR ground’ miotions. The bridge selected in this study is an
existing continuous steel #win /l-girder bridge with PC slab that has structural
characteristics of typical highway viaduéts in Japan, described in Section 4.2. The
bias and dispersion of this procedure are évaluated by comparing its estimates of
seismic demands to the results from' nonlinear response history analysis (NL-RHA)
which are considered as the ‘exact’ res’tilts. The estimates by the conventional
pushover analysis are also compared. The résb&hse quantities considered in this study
are the peak deck displacements; pier (chern) drifts, hinge rotations and internal

forces which are related-to-siruciural-damages-and-serviceanility of bridges.

5.2 Bridge Vibration Characteristics

The usual first step in performing a dynamic analysis is determining the
natural frequencies and mode shapes of the structure. These results characterize the
basic dynamic behaviors'of the" structure, The number-aof natural-frequencies and
associated mode shapes is equal to the number of dynamic degrees-of-freedom of
structure. However, among many natural frequencies and associated mode shapes,
only some of the first few modes are interesting because of their significant influences
in dynamic response of the structure. Presented in this section are vibration properties:
periods, mode shapes, and effective modal masses of the selected bridge. These
vibration properties are used to identify the modes that contribute significant to the

total response.
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The first six natural vibration periods and mode shapes of the selected bridge
with two types of bearing supports: (a) Steel bearings (SB), and (b) Lead Rubber
Bearing (LRB) supports are presented in Figures 5.1 and 5.2, respectively. Also
included for each mode are the effective modal mass, as a fraction of the total mass, in
the longitudinal, transverse and vertical directions (x-, y-, and z-directions). The
bridge natural modes may be categorized by their primary motion: longitudinal,
transverse, vertical or torsional, or caupled motion such as longitudinal-vertical or
transverse-torsional. Category of a mode shape.may be identified from deformed
shape of the bridge and-effective modal masses.  For example, a longitudinal,
transverse, and vertical mode-shape displays deflection and nonzero value of the
effective modal mass in the longitudinal (Figure 5.1a), transverse (Figure 5.1b) and
vertical (Figure 5.1e)direction; respectively. A torsional'mode displays rotation about
the x-axis and nonzergivalue of the effec;tive modal mass in the transverse direction.
A coupled longitudinal-vertical mode dispi-ays motions and nonzero values of the
effective modal mass in:the Iongitudinéi‘ and vertical direction; and a coupled
transverse-torsional mode displays transve'rée and rotational motions about the x-axis
but nonzero value of the effective modaj}- rﬁ'éss In the transverse direction. The
fundamental modes of the studied bridge diép')'l'eiy little coupling between longitudinal
and vertical motions~transverse-and-torsionai-motions-(Figures 5.1a and b; Figures
5.2a and b). The coupling of modes are more significant for the higher modes in this
study (Appendices B and C). It is noted that, in some cases, it is not easy to classify

the mode shapes becausel of the couplingjof:modes:

Tables 5.1 and 5.2 show the values of the effective modal mass as proportion
of total"mass; and<the mattral:periods:of ihe first thirty imodes ©f the' bridge studied
with twa, types of bearing supports: (a) Steel bearings (SB), and (b) Lead Rubber
Bearing (LRB) supports; respectively. The types of vibration modes of the studied
bridges are also listed in these tables. Modes with effective modal masses >0.01 are
highlighted with bold font.
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(2) Mode 1 — The first longitudinal'mode (L.1): T, = J
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Plan view

Side view
0.000,0.711,0.000

(b) Mode 2 — The first transverse mode (H1):
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Elevation view Side view
(c) Mode 3 — The second transverse mode (H2): Ts = 1.025s, M; = 0.000,0.0006,0.000

Figure 5.1 Mode shapes, vibration periods, and effective modal masses as a fraction
of total mass of the studied bridge supported by steel bearings.
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Side view
= (0.000,0.0733,0.000
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Plan view

Side view

,0.0000, 0.0054

Elevation view Side view
(f) Mode 6 — The second vertical mode (V2): Tg = 0.455 s, Mg =0.0003,0.0000,0.0014

Figure 5.1 (Continued) Mode shapes, vibration periods, and effective modal masses as

a fraction of total mass of the studied bridge supported by steel bearings.
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Plan view
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EIevatlon,;@g-_, J Side view
i 1)1 = L0, '—0.8977,0.000,0.000

Side view

0,0.6998,0.000

Elevation view Side view
(c) Mode 3 — The second transverse mode (H2): T; = 1.062 s, M; =0.000,0.0003,0.000

Figure 5.2 Mode shapes, vibration periods, and effective modal masses as a fraction

of total mass of the studied bridge with LRB supports.
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Three-dimensional view Plan view

Elevation view. 9 m— Side view
mod =0.661s, M;=0.000,0.000,0.0027

Side view

,0.0022,0.000

= AR A e

Elevation view Side view
(f) Mode 6 — The third transverse mode (H3): T = 0.624 s, M; =0.000,0.0724,0.000

Figure 5.2 (Continued) Mode shapes, vibration periods, and effective modal masses as
a fraction of total mass of the studied bridge with LRB supports.



Table 5.1 Dynamic characteristics of the bridge supported by steel bearings.

Effective modal mass as proportion of total mass

Mode Period Frequency 2 - - *
No. (sec) (H2) x-direction  y-direction z-direction Cumulat.lve Cun_wulat_lve Cumulat.we Type
X-direction y-direction z-direction
1 1.75020 0.57136 0.9132 0.0000 0.0000 00132 0.0000 0.0000 Longitudinal (L1)
2 1.65560 0.60401 0.0000 0.7106 0.0000 0.9132 0.7106 0.0000 Transverse (H1)
3 1.02460 0.97599 0.0000 0.0006 0.0000 0.9132 0.7113 0.0000 Transverse (H2)
4 0.61949 1.61423 0.0000 0.0733 010000 019132 0.7846 0.0000 Transverse (H3)
5 0.52634 1.89991 0.0021 0.0000 0:0054 0.9153 0.7846 0.0054 Vertical (V1)
6 0.45473 2.19911 0.0003 0.0000 0.0014 0.9157 0.7846 0.0068 Vertical (V2)
7 0.41634 2.40188 0.0000 0.0000 0:0000 0.9157 0.7846 0.0068 Transverse (H4)
8 0.38541 2.59464 0.0025 0.0000 0.2811 0.9181 0.7846 0.2379 Vertical (V3)
9 0.37378 2.67537 0.0000 0.0057 0:0000 0.9181. 0.7903 0.2379 Torsional (T1)
10 0.36741 2.72175 0.0000 0.0000 0.0000 0.9181 0.7903 0.2379 Torsional (T2)
11 0.33022 3.02828 0.0020 0.0000 0.8390 0.9201 0.7903 0.5769 Vertical/Longitudinal (V4)
12 0.31893 3.13548 0.0000 0.0296 2:00Q0 -+ 0.9201 + 0.8198 0.5769 Transverse/Torsional (H5)
13 0.29526 3.38685 0.0000 0.0002 0.0000 0.920%, 0.8200 0.5769 Torsional (T3)
14 0.26122 3.82819 0.0000 0.0010 0.0000 92PN 0.8210 0.5769 Transverse/Torsional (H6)
15 0.23255 4.30015 0.0000 0.0014 0.0000 0.920% 4y 0.8224 0.5769 Torsional/Transverse (T4)
16 0.22463 4.45177 0.0000 0.0000 0.0000 0920 0.8224 0.5769 Transverse/Torsional (H7)
17 0.20301 4.92587 0.0001 0.0000 0.0000- 0:92020 =4 0.8224 0.5769 Longitudinal (L2)
18 0.18556 5.38909 0.0143 0.0000 0.0005 0.9345 0.8224 0.5774 Longitudinal/Vertical (L3)
19 0.18355 5.44811 0.0000 0.0007 0.0000 0.9345 08231~ 0.5774 Transverse (H8)
20 0.16544 6.04449 0.0000 0.0102 0.0000 0.9345 0.8334 0.5774 Transverse/Torsional (H9)
21 0.16495 6.06244 0.0000 0.0000 0.0003 0.9345 0.8334 0.5777 Vertical/ Longitudinal (V5)
22 0.16204 6.17132 0.0000 0.0050 0.0000 0.9345 0.8384 0.5777 Torsional/Transverse (T5)
23 0.15275 6.54664 0.0000 0.0009 0.0000 0.9345 0.8393 0.5777 Torsional/Transverse (T6)
24 0.15059 6.64055 0.0011 0.0000 0:0013 0.9356 0.8393 0.5790 Longitudinal/Vertical (L4)
25 0.14909 6.70736 0.0000 0.0006 0.0000 09356 0.8399 0.5790 Torsional/Transverse (T7)
26 0.13841 7.22491 0.0000 0.0142 00000 0.9356 0.8541 0.5790 Transverse/Torsional (H10)
27 0.13837 7.22700 0.0006 0.0000 0.0024 0.9362 0.8541 0.5814 Vertical/Longitudinal (V6)
28 0.13442 7.43937 0.0000 0.0204 0.0000 0.9362 0.8745 0.5814 Transverse/Torsional (H11)
29 0.12896 7.75434 0.0001 0.00C0 010022 0.9368 0.8745 0:58317 Vertical/ Longitudinal (V7)
30 0.12755 7.84006 0.0219 0.0000 0.0025 0.9582 0.8745 0.5851 Longitudinal/Vertical (L5)

“L: Longitudinal; H: Transverse; V: Vertical; and T: Torsional
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Table 5.2 Dynamic characteristics of the bridge equipped with LRB supperts.

88

Effective modal mass as proportion of total mass

Mode Period Frequency 3 - - x
No. (sec) (H2) x-direction y-direction z-direction Cun_1u|at_|ve Cumulat'lve Cumulat.we Type
X-direction y-direction z-direction
1 3.01860 0.33128 0.8977 0.0000 0.0000 0:8977 0.0000 0.0000 Longitudinal (L1)
2 1.80900 0.55279 0.0000 0.6998 0.0000 0.8977 0.6998 0.0000 Transverse (H1)
3 1.06200 0.94162 0.0000 0.0003 0:0000 0.8977 0.7001 0.0000 Transverse (H2)
4 0.66053 1.51394 0.0000 0.0000 010027 0.8977 0.7001 0.0027 Vertical (V1)
5 0.64041 1.56150 0.0000 0.0022 040000 0:8977 0.7023 0.0027 Torsional (T1)
6 0.62386 1.60292 0.0000 0.0724 0.0000 0.8977 0.7747 0.0027 Transverse (H3)
7 0.51498 1.94182 0.0000 0.0000 0:0000 0.8977 0.7747 0.0027 Vertical (V2)
8 0.47364 2.11131 0.0000 0.0021 0.0000 0.8977 0.7768 0.0027 Torsional (T2)
9 0.42270 2.36574 0.0000 0.0000 0:0000 0.8977. 0.7768 0.0027 Transverse (H4)
10 0.40802 2.45086 0.0001 0.0000 0.1949 0.8978 0.7768 0.1976 Vertical (V3)
11 0.34653 2.88575 0.0001 0.0000 0.4086 0.8979 0.7768 0.6062 Vertical (V4)
12 0.34109 2.93178 0.0000 0.0035 0:00Q0 - 0.8979 « 0.7802 0.6062 Torsional (T3)
13 0.32322 3.09387 0.0000 0.0256 0.0000 0:8979 0.8058 0.6062 Transverse (H5)
14 0.27737 3.60529 0.0000 0.0018 0.0000 0.8979=, 0.8077 0.6062 Torsional (T4)
15 0.26984 3.70590 0.0021 0.0000 0.0000 0.9000 4+ 0.8077 0.6062 Longitudinal (L2)
16 0.26827 3.72759 0.0000 0.0024 0.0000 0.9000- 0.8101 0.6062 Transverse (H6)
17 0.26435 3.78286 0.0105 0.0000 0.0000- 0,910 =4 0.8101 0.6062 Longitudinal (L3)
18 0.25088 3.98597 0.0238 0.0000 0.0003 0.9342 0.8101 0.6065 Longitudinal (L4)
19 0.24137 4.14302 0.0000 0.0084 0.0000 0.9342 0.8185 - 0.6065 Transverse (H7)
20 0.21585 4.63285 0.0000 0.0006 0.0000 0.9342 0.8191 0.6065 Transverse (H8)
21 0.20865 4.79272 0.0000 0.0009 0.0000 0.9342 0.8260 0.6065 Transverse (H9)
22 0.19507 5.12636 0.0000 0.0071 0.0000 0.9342 0.8271 0.6065 Torsional/ Transverse (T5)
23 0.19289 5.18430 0.0000 0.0320 0.0000 0.9342 0.8591 0.6065 Transverse/Torsional (H10)
24 0.18934 5.28150 0.0000 0.0000 0:0000 0.9342 0.8591 0.6065 Longitudinal/Vertical (L5)
25 0.18367 5.44455 0.0007 0.0000 0.0003 0.9350 0.8591 0.6067 Vertical (V5)
26 0.18260 5.47645 0.0000 0.0000 0.0000 0.9350 0.8591 0.6067 Torsional (T6)
27 0.17779 5.62461 0.0000 0.0066 0.0000 0.9350 0.8658 0.6067 Transverse (H11)
28 0.17048 5.86579 0.0000 0.0000 0.0000 0.9350 0.8658 0.6067 Vertical (V6)
29 0.15852 6.30835 0.0000: 0.0021 010000 0.9850 0.8678 0:6067 Transverse (H12)
30 0.15081 6.63086 0.0000 0.0000 0.0100 0.9350 0.8678 0.6167 Vertical (V7)

“L: Longitudinal; H: Transverse; V: Vertical; and T: Torsional
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The results presented in Figures 5.1 and 5.2, and Tables 5.1 and 5.2 lead to
several observations on the type and number of modes that need to be considered for

the modal pushover analysis.

First, it is noticeable that the type of bearing supports have a significant effect
on the natural frequencies of the studied bridge especially with the first longitudinal
mode. The fundamental natural period of the bridge equipped with isolation bearings
is 1.73 times longer than that of the briclge with steel bearings. This value is close to
the recommendations of Specifications for-Highway Bridges in Japan (JRA, 1996).
This first mode corresponds to-the mode shape that displaces in the longitudinal
direction of the bridge, andthe period!is significantly influenced by the size of the
lead plug inserted in thesisolation bearings. For example, short natural period is a
result of excessively large lead: core and the bridge response can not benefit from
isolation effect due to€longation‘of the fundamental natural period, and therefore, the
spectral acceleration issnot:much reduced during a seismic attack, as described in
Section 4.2.2.2.1. -

Secondly, as displayed in-the Figuifes;r',S.l and 5.2, the mode shapes of the
bridge studied are affected by the types of bearings. The order of vibration modes are
also affected. However, the first and second modes are always the first longitudinal
vibration (L1) and the first transverse one (H1). The second transverse vibration (H2)
is the third mode. On.the other hand, the order and the properties of torsional and
higher modes of the two ‘bridges are different! It is noted that the effective modal mass

of the vibration modes are also affected by the type of bearing supports.

Many more modes will be required to accurately estimate the seismic demands
in bridges, especially in the transverse-direction, compared to the case of buildings.
According to the building code, the number of ‘modes’ to be included in response
spectrum analysis shall capture at least 90% of the total mass of structure which was
adopted in MPA procedure. For the studied bridge, as shown in Tables 5.1 and 5.2,
the cumulations of the effective modal mass of the first thirty modes in transverse
direction of the bridge equipped with steel bearings and LRB supports are 87.5% and
86.8% of the total mass, respectively. It would need consideration of 50 modes to

capture 90% of the total mass in transverse direction of the bridge equipped with steel
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bearings and LRB supports considered in this study. The effective modal masses of
higher modes are much lower than those of the fundamental modes in both the
longitudinal and transverse directions. The effective modal mass of many higher
‘modes’ are very small (say less than 0.1%) and the contributions in MPA estimate of
these modes are not significant as shown in Figure 5.3. Therefore, the contributions of
those modes should be neglected in MPA estimate to avoid a large computation.

Finally, the number and types of ‘modes to be included in MPA procedure
depend on the response quantity being evaluaied. For example, the first longitudinal
mode (L1) may be sufficient to estimaté the peak displacements and pier drifts of the
bridge supported by steel bearings in longitudinal direction, whereas seven ‘modes’ —
second (H1), fourth (H3)eMinth (T4), 12" (H5), 20" (H9), 26™ (H10), and 28" (H11)
— are required to estimate the peak displacements, pier drifts and internal forces of the

bridge in the transverse direction.
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Figure 5.3 (a)«The peak transverse displacement at middle of the first span, and (b)
the transverse pier drift of pier 1 (P1) of the bridge equipped with LRB supports due
to LP89g03 {Noy 3) graundymaotion.
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5.3 Pushover Curves

Pushover curves, which show the relationships between base shear force and
monitoring displacement, based on spatial modal force distributions were performed
in the longitudinal and transverse directions of the bridge. It is noted that unlike the
case of buildings where the pushover curve is generally defined in terms of base shear
and roof displacement in the direction under consideration, in case of bridges the
shape of the pushover curve depends on the location of the monitoring point
(Paraskeva et al., 2006). The selection of the‘menitoring point affects the shape of the
pushover curve especially In the inelastic range. For bridges, intuitive selections for
the displacement monitoring peint ate the centre of deck mass as recommended by
CEN (2004). It can also_be sglected as the point of the deck which is determined by
using Equation (1.13) recommended by Paraskeva et al. (2006). However, the
applicability of this approach in structural engineering practice seems to be unsuitable
for complicated structures. The selectionof the displacement monitoring point for
multi-mode pushover analysis of bridge as _fm'éntioned above is not able to take into
account the contributions of‘torsional and \/éfﬁggl vibrations of the bridge because the

modal force distributions will not eatise any displacements at that monitoring point.

As mentioned-in Section 2.3, the pushover curve for the nth ‘mode’ used in
this study is definedin terms of base shear force and displacement of monitoring
point. The displacement monitoring point of the bridge for the nth *‘mode’ is proposed
to be at the degree of fréedom where modeishape value is maximum in the direction
of applied ground 'motion. [dhis proposal is advantageous because the mode shapes
were already computed in Step 1 of MPA procedure and the pushover analysis can be
performed for every modes (€.9., to take into account the contributians of torsional
and vertical vibrations of bridges). For the bridge considered in this study, the
longitudinal and vertical motions are usually coupled while the transverse and
torsional vibrations are coupled as shown in Figures 5.1 and 5.2.

Figure 5.4 shows the pushover curves calculated by applying the spatial modal
force distributions of the first modes in the longitudinal (L1) and transverse (H1)
directions of the studied bridges equipped with steel bearings (SB) and LRB supports.
The peak displacements of the deck determined by NL-RHA due to 20 LMSR ground
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motions in both longitudinal and transverse directions are also shown in Figure 5.4.

The pushover curves are presented in the form of normalized force (V, /W) versus

reference drift (u,,/H,,), where V,, W and u,, are base shear force, total weight

and displacement of monitoring point in the direction under consideration,
respectively; and H_  is height from the base of the pier 2 (P2) to the monitoring

point. It is observed that the bridge was driven far into the inelastic range in most of

cases.
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Figure 5.4 First ‘mode’ pushover curves of the studied bridge with (a) steel bearings;
and (b) LRB supports in the longitudinal and transverse directions. The peak
displacements of the deck determined by NL-RHA due to 20 LMSR ground motions

in both directions are also shown.
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Pushover curves presented show that the bearing supports affect the pushover
analysis and the inelastic response of the bridge. The pushover curves of the bridge
supported by steel bearings are much stiffer than those of the bridge with LRB
supports. This trend is clearly noticed in the longitudinal direction as the bridge
response is dominated by the first mode where the superstructure slides over the

bearing supports.

The pushover curves of the most dominant modes used in this study were
performed and shown in Figures 5.5 and 5.6 Fhese curves were derived by applying
the spatial modal force distributions with respect to the displacement of monitoring
point for each ‘mode’ (e.g: longitudinal, transverse, tosional and vertical modes).
These pushover curves are ihen idealized as bilinear curves using the procedure
described earlier in Step 4; Section-2.3. As discussed in more detail by Paraskeva et
al. (2006), these curves arg not necessaril-'y representative of the actual response of all
structural members of the bridge. For exafnple, the pushover curve corresponding the
fifth longitudinal mode (L5) or the ten_tf_j transverse mode (H10) of the bridge
supported by steel bearingsiis purely Iineaf'-,__-rﬁ)_f__ this reason the bridge does not enter
the inelastic range when subjected to thesﬁhédal force distributions, even for very

strong ground accelerations.
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5.4 Accuracy of the Proposed Extension of MPA Procedure

The proposed extension of MPA procedure was implemented in estimating
seismic demands of the selected bridge due to the set of LMSR ground motions. The
bias and accuracy of this procedure are evaluated by a comparison of the response
quantities with results from Nonlinear Response History Analysis (NL-RHA), which
can be considered as ‘exact’ results, as well as the conventional pushover analysis
(CPA). The response quantities considereds in this study are the peak deck
displacements, pier (column) drifts, hinge rotatiens and internal forces. The pier drift,
which indicates deformation demand in the column, Is defined as the displacement at
top of the pier relative to itsbase displacement divides by its height.

The responses of the studied bridge to the selected ground motions were
determined by proposedsexiension of MPA procedure and also by NL-RHA. For
comparison purposes, thesconventional pushover analyses (fundamental mode based
pushover analysis) were also performed in the longitudinal and transverse directions
of the studied bridge, to seérve as the reference (i.e., the least involved procedure). The
longest-period modes in the longitudinal direction (L1) of the bridges equipped with
steel bearings and LRB supports: have a period of 1.75 s and 3.02 s; and the
participating mass ratios for the longitudinal direction-are 91.32% and 89.77%
respectively. The participating mass ratios for the transverse direction are zero for
both bridges. Similarly; the longest-period modes in the transverse direction (H1) of
the bridges equipped withssteel bearings ahd LRB supports have a period of 1.66 s
and 1.81 s; and the.participating mass ratigs for the transverse direction are 71.06%
and 69.98%, respectively. The partigipating mass.ratios for the lgngitudinal direction

are zero,for both bridges.

As recommended for response spectrum analysis by building code, MPA
usually considers as many modes as to include participating mass at least 90% of the
total mass (usually the first two or three modes for buildings shorter than 10 stories).
However, the number of modes required to capture 90% of the total mass is far too
many for the case of bridges, especially in bridges analyzed by very detailed three-
dimensional finite element models. As mentioned before, it will need consideration of

50 modes to capture 90% of the total mass in transverse direction of the bridge
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considered in this study. It is also found in this study that the contribution of modes
whose effective modal mass is very low (say less than 0.1%) is not significant.
Therefore, to avoid a large computation, the contribution of five longitudinal ‘modes’
(L1, L3, L4, L6, and L7) and five vertical ‘modes’ (V3, V4, V7, V8, and V9) were
considered to estimate the seismic demands related to the longitudinal direction of the
bridge; whereas six transverse ‘modes’ and four torsional ‘modes’ (H1, H3, H5, H7,
H10, H11, T1, T2, T3, and T5) were included to estimate the seismic demands related
to the transverse direction of the bridge eguipped with LRB supports. In the same
way, the contributions of.six-“modes’ in the longitudinal direction (L1, L3, L5, V1,
V3, and V4) and nine ‘modes n.iransverse direction (H1, H3, H5, H9, H10, H11, T1,
T4, and T5) whose effective .modal mass is larger than 0.1% were considered to

estimate the seismic demands of the bridge supported by steel bearings (SB).

For the bridgeSupported by steel bearings, the 95.6% and 87.04% of the total
mass have been included /in AMPA estimates in the longitudinal and transverse
directions, respectively. Similarly, the 9587% and 85.97% of the total mass have
been included in the longitudinal and trans&é'rslg directions in case of the bridge with

LRB bearing supports, respectively.

The total values for desired response quantities calculated by MPA estimates
are then determinedby combining the peak modal responses using both Square-Root-
of-Sum-of-Squares (SRSS) and Complete Quadratic Cambination (CQC) rules (these
results are denoted as MPA=SRSS, and MPA-CQC). This simple procedure was used
for the peak displacements, pier (drifts, hinge rotations and: internal forces in the

present study, which are the main quantities used for assessing the,bridges.

5.4.1 Peak Displacements

The median peak displacement responses of the bridges equipped with steel
bearings (SB) and LRB supports subjected to LMSR ground motions from two
analysis procedures are compared in Figures 5.7 and 5.8, respectively; the results
from pushover analysis including only fundamental mode (the conventional pushover
analysis) are also shown. Note that for the selected bridge, ground motions applied in
the x-direction cause response only in the longitudinal direction of the bridge and
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ground motions applied in the y-direction lead to response only in the transverse
direction of the bridge. So the responses presented are due to excitation in its
corresponding direction. The results show that the contributions of higher modes in
estimating the peak displacements in the transverse direction and rotations of the deck
are significant, since higher ‘modes’ participate more actively, particularly towards
both ends of the bridges (Figures 5.7b-d, and 5.8b-d). The peak transverse
displacements and rotations of the deck predicted by the proposed extension of MPA
are closer to the NL- RHA results than the restlits-from fundamental mode pushover
analysis. On the contrary,including-response-contribution of higher modes in
estimating the peak longitudinal-and vertical displacements is indifferent (Figures
5.7a-c and 5.8a-c). This can easily be understood that the longitudinal vibrations of
the bridges equipped with steel'bearings (SB) and LRB supports are dominated by the
longitudinal fundamenial mede whose effective modal masses of the first longitudinal
mode alone are 91.32% and 89.77%, respec:t-ively; and the bridges behave very much
like a SDF system. Conseguently, the conventional pushover analysis procedure (one
‘mode’ pushover analysis) 'Is adeguate t'oi predict the peak displacements of the

bridges studied in the longitudinal and vertical directions.

Figures 5.9 "and 5.10 show the m-erd-ian errors in estimating the peak
displacements of the bridges equipped with steel bearings (SB) and LRB supports,
respectively. It can be seen that the proposed extension of MPA procedure can
accurately estimate the peak displacements.of the deck of the studied bridges. In case
of the bridge supported-by steel bearings, the bias of the propased extension of MPA
procedure is less'than 10% in estimating the peak longitudinal, vertical and transverse
displacements ‘and-generally-less; than [25% <in /estimating ‘torsional rotation of the
deck. On the contrary, the bias of one ‘mode” pushover analysis in estimating
transverse displacements or rotation of the deck can be large, especially near both
ends of the bridge. The bias of the one ‘mode’ pushover analysis is less than 25% in
estimating the peak displacements in the transverse direction of the bridge and

generally less than 30% in predicting the rotation of the deck.

Similarly for the bridge with LRB supports, the bias of the proposed extension

of MPA procedure is generally less than 10% in estimating the peak longitudinal,
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vertical and transverse displacements and 30% in estimating rotation of the deck,
whereas the bias of the one ‘mode’ pushover analysis is 20% in estimating the peak
displacements in the transverse direction of the bridge and 30% in predicting the
rotation of the deck. However, the bias of the proposed extension of MPA procedure
and the one ‘mode’ pushover analysis in estimating the torsional rotation of the deck

near both ends of the bridge are large in percentage due to small rotation values.

The MPA estimates combined by CQC are slightly more accurate than by
SRSS rule. This is because the modes are-coupled. Nevertheless, the couplings of
modes are not significant for the first few maodes In this case. Both versions of the
proposed extension of MPA procedure using SRSS and CQC combination rules
(MPA-SRSS, MPA-CQC)can‘estimate the peak displacement reasonably well with a
tendency to slightly underestimate peak displacements compared to NL-RHA.

5.4.2 Pier Drifts

The median pier displacements and-median pier drifts of the bridges equipped
with steel bearings (SB) and LRB supports:déférmined by the proposed extension of
MPA procedure and NL-RHA subjecied to the set.of twenty LMSR ground motions
are compared in Figures-5.44,.5.42,.5.13.and-5.44;-aiso-mn¢luded are the results from
pushover analysis inctuding contribution of only the fundamental ‘mode’. The pier
drift, which indicates’ deformation demand in the “Column, is defined as the
displacement atstop ofsthe-pier selative-to-itssbase displacement divided by the pier
height.

Similar.to investigation-of-the peak displacements:of the bridges considered in
this investigation, “the presented- resuits show ‘that the pier displacements and pier
drifts of the bridges in the transverse direction predicted by both versions of the
proposed extension of MPA procedure (i.e., MPA-SRSS, and MPA-CQC) are very
close to those from the ‘exact” NL-RHA procedure, whereas the one ‘mode’ pushover
analysis underestimates these values. Nevertheless, the proposed extension of MPA
procedure and the conventional pushover analysis predicts well the peak pier
displacements and pier drifts in the longitudinal direction of the bridges. The accuracy
of this procedure in estimating the pier displacements and pier drifts in the
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longitudinal direction of the bridges is not worse than that of the proposed extension
of MPA procedure. This implies that the contributions of higher ‘modes’ in estimating

these responses are not significant and can be neglected in these cases.

In this section, the errors due to both approximate methods, the conventional
pushover analysis (CPA) and the proposed extension of MPA procedure, are
investigated by comparing the peak values of the responses determined by
approximate procedures and by the NL-RHA the ‘exact’ approach. Figures 5.15 and
5.16 show the median errors of the pier driiis in the longitudinal and transverse
directions of the bridges equipped with Steel bearings and LRB supports, respectively.
The results presented indieate ihat all three procedures (the CPA, MPA-SRSS, and
MPA-CQC) provide estimates ihat are' essentially identical, and are very close to
those from the NL-RHA in estimating the pier drifts of the bridges in the longitudinal
direction, which are within about 5% of the exact results for both types of bearings.
The bias of the proposed extension of MPA procedure in estimating the pier drifts of
the bridges in the transverse direction is g_e_héfally less than 5%, whereas the bias of
the one ‘mode’ pushover analysis can be“—_il"ZP(o In predicting the pier drifts of the

bridges in the transverse direction.

To demonstrate how bias and dispersion measures relate to the accuracy of the
proposed extension“ef  MPA procedure, the pier drift ratios in the longitudinal and

transverse directions of'the bridges, A,,,, due to the set-of 20 LMSR ground motions
are shown in Figures 5.17,-5.18; 5:19-and-5.20., The median-value and dispersion of
the pier drift ratios are-also-shown-in these figures=The pier 'drift ratio is defined by
the following,equation;. Ayes = Ayea ! AyiaruandMWhich A .., is'the peak pier drift
determined by NL-RHA, anhd“the a@pproximate value from-the proposed extension of
MPA is A, The pier drift value determined by the conventional pushover analysis
(CPA) is denoted as A, . These approximate methods are invariably biased in the

sense that the median of the response ratio differs from one, underestimates the
median response if the ratio is less than one, and provides an overestimate if the ratio
exceeds one. The results presented permit the following observations:



100

The proposed extension of MPA procedure accurately estimates the
pier drifts of the bridges considered in this investigation in both the

longitudinal and transverse directions with the bias is less than 5%.

The contributions of higher ‘modes’ in estimating the pier drifts in the
transverse direction are significant, especially for piers near by the both
ends of the bridge. Both, versions of proposed extension of MPA
procedure are able to capture/the NL-RHA results. However, the MPA
pier drift results including the~€ontributions of higher ‘modes’ in
estimating these responses in the longitudinal direction are close to one
‘mode’ resultS indicating that the contributions of higher ‘modes’ are

not signifieant and negligible in these cases.

The dispersions jof the pi;e_; drift ratios determined by the proposed
extension of MPA procedure are smaller than 5% and 10% in the
longitudinal @nd transverse djre_.ctions, respectively. Dispersion tends to
increase fOr SeismiC respomses in the transverse direction as the

contribution from'the higher-modes becomes more significant.

The one ‘mode” pushover Jaih’a‘ilysis procedure estimates pier drift
demands—of—thestudied —bridgeswith 1ess than 5% bias in the
longitudinal direction; however, it underestimates pier drift demands of
the bridges equipped with steel bearings and LRB supports by 15% and
20% in the transverse directionfor certain locations, respectively.

The dispersions of the, pier drift ratio for bridges determined by the one
‘moda’, pushover analysis procedure range from 5% for demand in the
longitudinal direction to 20% for demand in the transverse direction.

These trends in variation of bias and dispersion in the conventional
pushover analysis are similar to earlier observations from the proposed

extension of MPA results.

The accuracy of the proposed extension of MPA procedure in
predicting pier drift response in the transverse direction can be as large
as 30% due to an individual ground motion.
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Figure 5.7 Median peak displacements of the bridge supported by steel bearings
determined by one ‘mode’ pushover analysis, MPA and NL-RHA due to LMSR

ground motions.
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(a) Longitudinal displacement of LRB bridge
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Figure 5.9 Median errors of (a) longitudinal displacements, (b) transverse

displacements, (c) vertical displacements and (d) torsional rotations of the deck of the

bridge supported by steel bearings.
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(a) Longitudinal displacement of LRB bridge
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5.4.3 Internal Forces

The internal forces of the studied bridges, which are the main quantities used
for assessing the bridges, due to the set of 20 LMSR ground motions were determined
by the proposed extension of MPA procedure and also by NL-RHA. Figures 5.21,
5.22, 5.23 and 5.24 show the median values of bending moments about x- and y-axes

at the base of piers, and bending imoment ratios, Mo, =M on/ My _pua OF

Mo = Mgpa / My _nun - Note that x-axis is.the longitudinal direction and y-axis is the

transverse direction. The median and dispersion 0f moment ratios of the bridges
equipped with steel bearings (SB) and LLRB supports due to the set of selected ground

motions are also showi:

Similar to investigation ofithe peak deck displacements and pier drifts, the
presented results show" that the contributions of higher modes in estimating the
bending moments about'X-axis at the hase bf piers when subjected to excitation are
significant (Figures 5.22a and 5.24a). Thé'MPA-SRSS and MPA-CQC results are
very close to those from the NL-RHA prdéédure. The proposed extension of MPA
procedure underestimates slightly the bendi}lg J?noments about x-axis with the bias is
less than 10% for both types of bearings of thé’bridges considered (Figures 5.22c and
5.24c).

The dispersion of the moment about X-axis ratios determined by the proposed
extension of MPA procedure is generally smaller than 15%. Comparing the dispersion
of the pier drifts in the-transverse diregtion to dispersion of the moment about x-axis
predicted by the‘proposed extension.of MPA procedure, we can observe that the pier
drifts can be estimated by -MPA more ‘accurately than'bending moment demands. This
IS consistent with the intuition that the global response quantities, e.g., pier
displacements or pier drifts, are more easily and accurately estimated than local
response quantities, e.g., bending moments or plastic hinge rotations; especially when
the bridge was driven far into the inelastic range and more inelastic deformations have

occurred and led to large bias of MPA.

On the contrary, the one *‘mode’ pushover analysis seems to fail in estimating

moment about x-axis. The median and dispersion of the moment about x-axis by one
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‘mode’ pushover analysis can be as large as 18%. Figures 5.22d and 5.24c show the
cases where both bias and dispersion are large, and clearly the one ‘mode’ pushover
analysis procedure does not provide a reasonable estimate for bending moment about

X-axis.

The presented results also show that both versions of the proposed extension
of MPA procedure (i.e., MPA-SRSS and MPA-CQC) and the conventional pushover
analysis procedure slightly underestimates bending moment about y-axis with the bias
is less than 5%. This implies that the conventienal pushover analysis is adequate to
predict the bending moments about y-axis at the base of piers, because the bridges
considered in this investigation.are dominated by the first longitudinal ‘mode’ whose
effective modal masses alone.are 91.32% and 89.77% for the bridges equipped with
steel bearings and LRB supporis, respectively. The dispersion of both approximate
procedures, the one ‘mode” pushover analysis and the proposed extension of MPA
procedures, in estimating the moment about y-axis is very small, less than 5% for all
cases (Figures 5.21 and 5.23). -

Similar results for hjasand diSpe[sion of MPA in estimating pier
displacements and pier drifts, the bias and. dispersion for moment about y-axis is
much smaller comparéed to moment about x-axis, indicating that moment about y-axis
can be estimated by*MPA more accurately than moment about x-axis demands. This
demonstrates that an approximate procedure, such as the proposed extension of MPA
procedure, is more likely toxbe accurate for‘an individual ground motion if both its
bias and dispersion.are small. On the other hand, compared to the moment about y-
axis, the dispersion tends to increase:for moment about x-axis as the,contribution from
the higher-modes becemes imare significant, in particular; for the piers near the both

ends of the bridge where higher modes are more active.

Figures 5.25 and 5.26 show the median axial forces at the base of piers of the
bridges equipped with steel bearings and LRB supports, respectively; median errors of
axial forces are also shown in these figures. The results show that the axial force at
the base of piers can be estimated by the proposed extension of MPA procedure as
well as the conventional pushover analysis for both types of bearings. The bias is
relatively small, less than 5% for the bridge with LRB supports and 10% for bridge
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supported by steel bearings, respectively. This is because the axial force at the base at
piers is essentially contributed by gravity load.

Median shear forces along x- and y-axes at the base of piers of the bridge
supported by steel bearings due to the set of LMSR ground motions are shown in
Figures 5.27 and 5.28; median errors of shear force demands are also shown.
Similarly, Figures 5.29 and 5.30 show,the median shear forces and errors along x- and
y-axes at the base of piers of the bridge equipped with LRB supports, respectively.

These results lead to the following observations:

Including the respoise contributtions of higher ‘modes’ in estimating the shear
forces are significant. Beth MPA-SRSS and MPA-CQC can estimate the shear forces
along x- and y-axes at.ihe base of pieré reasonably well with a tendency to slightly
underestimate shear force demands coméé?ed to NL-RHA. The bias of the proposed
extension of MPA procedure in estimating the shear forces along x- and y-axes is less
than 10% for both types oftbearings. With several “modes’ included, the shear force

estimated by MPA is generally similar to the ‘exact’ results from NL-RHA.

On the contrary, the one‘maode’ pushover analysis is inadequate in estimating
shear forces at the base of piers-with the bias s relatively large. It underestimates
shear force demands:by-20%.and-30%-bias-for-the-britges equipped with steel
bearings and LRB supperts, respectively. However, the first ‘mode’ alone is sufficient
in estimating the shear force along x-axis at the base of piers of the bridge supported

by steel bearings (see Figure,5:27);
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Figure 5.21 (a) Median values of bending moment about y-axis, (b) bending moment
about y-axis ratios, M., or M.,, (c) median of bending moment about y-axis

ratios, and (d) dispersion of the bending moment about y-axis ratios at the base of

piers of the bridge supported by steel bearings.
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median errors of axial forces at the base
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Figure 5.26 (a) Median axial forces, and (b) median errors of axial forces at the base

of piers of the bridge equipped with LRB supports subjected to the set of 20 LMSR

ground motions.
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Figure 5.28 (a) Median shear forces along y-axis, and (b) median errors of shear
forces along y-axis at the base of piers of the bridge supported by steel bearings
subjected to the set of 20 LMSR ground motions.
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Figure 5.30 (a) Median shear forces along y-axis, and (b) median errors of shear

forces along y-axis at the base of piers of the bridge equipped with LRB supports

subjected to the set of 20 LMSR ground motions.
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5.4.4 Hinge Rotation

The proposed extension of MPA procedure has been implemented for each of
the bridges and for each of the 20 LMSR excitations, and contributions from several
‘modes’ were considered. The combined values of hinge rotations were computed
included several ‘modes’ as mentioned before in Section 5.4. Figures 5.31, 5.32, 5.33,
and 5.34 show these median values of hinge rotation demands at the base of piers for
the bridges considered, together with the results of NL-RHA. Also included are the
results of the conventional pushover analysis procedure, in which pushover analysis

considers only the fundamental-‘mode’. Hinge rotation ratios, Gy, = Gyps ! Oy _peia OF

*

Ocop = Ocpp ! Oy _rin » MAIAN AN dispersion of hinge rotation ratios at the base of

piers of the bridges equipped witli steel bearings (SB) and LRB supports due to the set
of selected ground motions are/also shown in these Figures. These results permit the

following observations.

The proposed extension of MPA prb'cé'dure IS least biased in estimating hinge
rotation demands at the base of piefrs for th‘é bridge with LRB supports and relatively
more biased for the bridge supperied by j-sté;i:l-l bearings (SB). This can easily be
understood that the, bridge equipped With " Lead. Rubber Bearings (LRB) are
seismically isolated by ERB isolator; and most of piers rermain elastic while yielding
occurs at LRB systems:. On the contrary, the yielding mainly forms at the base of piers

of the bridge supported by steel bearings due to intense ground motions.

For the“bridge 'supported by steel bearings, the MPA-SRSS and MPA-CQC
procedures can estimate the hinge rotation demands at the base of piers reasonably
well with“a tendeicy”to- slightly underestimate ‘hinge' rotations about x-axis and
overestimate hinge rotations about y-axis when compared to NL-RHA. The
contributions of higher modes in estimating the hinge rotations about x-axis at the
base of the piers when subjected to excitation are significant. The bias of the proposed
extension of MPA procedure in estimating hinge rotations about x- and y-axes at the
base of the piers is generally less than 10%. Conversely, the biases of the one ‘mode’
pushover analysis in estimating these responses are 10% and 20% for hinge rotations

about y- and x-axes, respectively (Figures 5.31 and 5.32).
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The bias of the proposed extension of MPA procedure in estimating hinge
rotations about x- and y-axes at the base of the piers is relatively small; but the
dispersions are quite large, 0.2 for hinge rotation about y-axis and 0.3 for hinge
rotation about x-axis, because the data points scatter over a wide range from
underestimation to significant overestimation (Figures 5.31b-d, and 5.32b-d). The
MPA-SRSS and MPA-CQC estimates are significantly inaccurate for several

excitations, although the median values of hinge rotations &, are very close to 1.

This is because the bridge with steel bearings.was driven far into the inelastic range
by the set of LMSR strong ground motions, and many yields have formed at the base
of the piers. Therefore, more" 1nelastic deformations have occurred and led to larger

bias of the proposed extension 0t MPA procedure.

For the bridge sequipped ~with 'LRB supports, including the response
contributions of higher ‘rmodgs’ in estiméting the hinge rotations are significant. The
hinge rotations about x="and'y-axes at the base of the piers can be accurately estimated
by both MPA-SRSS and/MPA-CQC witha t__éndency to slightly underestimate hinge
rotation demands compared to NL-RHA. The bias of the proposed extension of MPA
procedure in estimating the hinge rotations éb_oy_t x- and y-axes is less than 5%. With
several ‘modes’ included, the hinge rotation estimated by'MPA is generally similar to
the ‘exact’ results frem NL-RHA (Figure 5.34). The presented results also show that
the dispersion of hinge'rotations is generally small, less'than 0.07 for hinge rotation
about y-axis and 0.14 for hinge rotation about x-axis. On the contrary, the bias of the
one ‘mode’ pushover analysis in estimating hinge rotation about x-axis is relatively
large (20%). It means that the conventional pushover analysis may be inadequate to

estimate hinge ratation demands about x-axis.

Finally, both bias and dispersion of the proposed extension of MPA procedure
in estimating the hinge rotations about x- and y-axes of the bridge equipped with LRB
supports are small compared to those of the bridge with steel bearings (SB), indicating
that MPA-SRSS and MPA-CQC estimate the hinge rotation demands of the bridge
with LRB accurately more often than the SB case. As mentioned before, this is
because the bridge equipped with LRB are isolated and most of piers remain elastic

while yielding occurs at LRB systems due to strong ground motions.



124

0.0015

(a) D1'mode’ DMPA-SRSS EMPA-CQC ONL-RHA  SB

0.0010

Hinge rotation about y-axis

SB

SB

*
CPA

=

N

o

(==}

5 1.00

é —X=1 modé"' .
(==}

.30 = MPA-SRSS

0

Pier

Figure 5.31 (a) Median values of hinge rotation about y-axis, (b) hinge rotation about
y-axis ratios, 6., or 6,,, (c) median of hinge rotation about y-axis ratios, and (d)

dispersion of the hinge rotation about y-axis ratios at the base of piers of the bridge
supported by steel bearings subjected to the set of 20 LMSR ground motions.
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Figure 5.32 (a) Median values of hinge rotation about x-axis, (b) hinge rotation about
X-axis ratios, ,,, Or 6..,, (c) median of hinge rotation about x-axis ratios, and (d)

dispersion of the hinge rotation about x-axis ratios at the base of piers of the bridge
supported by steel bearings subjected to the set of 20 LMSR ground motions.
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Figure 5.33 (a) Median values of hinge rotation about y-axis, (b) hinge rotation about
y-axis ratios, 6., or 6,, (c) median of hinge rotation about y-axis ratios, and (d)
dispersion of the hinge rotation about y-axis ratios at the base of piers of the bridge
equipped with LRB supports subjected to the set of 20 LMSR ground motions.
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Figure 5.34 (a) Median values of hinge rotation about x-axis, (b) hinge rotation about
X-axis ratios, ,,, Or 6.5,, (c) median of hinge rotation about x-axis ratios, and (d)

dispersion of the hinge rotation about x-axis ratios at the base of piers of the bridge
equipped with LRB supports subjected to the set of 20 LMSR ground motions.
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5.4.5 Bearing Response

To demonstrate how bias and dispersion measures relate to the accuracy of the
proposed extension of MPA procedure in estimating bearing responses, Figures 5.35

and 5.36 show the median shear forces along x- and y-axes, shear force ratios,
Sea = Suea ! Sni_rra OF Sepa = Scpa/ Syi_rua; Median and dispersion of shear force

ratios of LRB supports are also shown in these figures. Similar to investigation the
peak displacements and internal forces, the presented results show that the bearing
responses predicted by boih MPA-SRSS and-MPA-CQC are able to follow the NL-
RHA results whereas the first “mode’ alone is-inadequate. With several ‘modes’
included as discussed early la‘this section, the shear forces along x- and y-axes of
LRB systems estimated#by the/proposed extension of MPA procedure is generally
similar to the results fromNLEREA. —

The bias of MPA=SRSS and MPA-CQC In estimating shear forces along x-
and y-axes of LRB systems is/less than 10% for LMSR ground motions. Conversely,
the bias of the one ‘mode” pushoveranalysis:in shear force estimation at an individual
pier can be as large as 20%. However, theﬁié’ﬁersion of three these procedures (the
one ‘mode’ pushover analysis, MPA-SRSS, 'a'nd MPA-CQC) in estimating LRB shear
force demands is relatively large, 0.25 and 0.2 for shear forces along x- and y-axes,
respectively. This is beeause the data points scatter over-a wide range from significant
underestimation to overestimation (Figures 5.35b-d, and 5.36b-d). The MPA-SRSS

and MPA-CQC-estimates are significantly.inaccurate for several excitations, although
the median valugs of shear forces Sy, are close'to-1. This is Understood that the LRB
system.was driven-far.into the inelastic.range by the set of LMSR, strong ground

motions.; Consequently; more“inelastic deformations ‘have-occurred‘and led to larger
bias of the proposed extension of MPA procedure.
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Figure 5.35 (a) Median shear forces along x-axis, (b) shear force along x-axis ratios,
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Supa OF Sgpas () median of shear force along x-axis ratios, and (d) dispersion of

shear force along x-axis ratios of LRB supports subjected to the set of 20 LMSR
ground motions.
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Figure 5.36 (a) Median shear forces along y-axis, (b) shear force along y-axis ratios,

Suea OF Scea, () median of shear force along y-axis ratios, and (d) dispersion of

shear force along y-axis ratios of LRB supports subjected to the set of 20 LMSR

ground motions.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

6.1.1 Accuracy of Current Nonlinear Static Procedures for Seismic Analysis of
BRBF Buildings

The following conclusions are obtained from the accuracy assessment of
nonlinear static procedures. (MPA, IMPA, and MPP) in estimating the seismic
demands of buckling-resirained braced! frame buildings using LA10/50 and LA2/50
sets of intense ground metions. These eanclusions are based on a comparison of NSP
estimates of seismic demands and the corfésponding values determined by NL-RHA
for 3-, 6-, 10-, and 14-story BRBE buildings which were designed to meet seismic

code criteria.

1) The equivalent bilinear SDF sys't‘ém‘s of nonlinear static procedures can
estimate the peak roof disptacement qu1te accurately with a bias no larger than
15% and 19% for LAL0750 and LA2/50 sets of ground motions, respectively.
The IMPA |iends to predict the median and- dispersion of target roof
displacements ‘more accurately than MPA; however, the difference is not
significant while the MPP tends to estimate the maximum roof displacements
slightly-maoreaccurately than both MPAand IMPAforset of LA10/50 but less

accuratesfor the stronger records LA2/50.

2 The story drift.demands predicted by MPA and IMPA are able to follow the
NL-RHA results. However, the higher ‘modes’ contributions of these
procedures in the response of 3-, and 6-story BRBF buildings are generally not

significant, so the first ‘mode’ alone may be adequate.

3) Despite considering the redistribution of inertia forces after structure yields,
the pushover curve of IMPA is similar to MPA, resulting in nearly identical
estimates of target roof displacements by both procedures. The IMPA tends to

overlap the MPA in estimating story drifts with slight differences.
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4) The MPP tends to significantly overestimate seismic demands for lower
stories but underestimates story drifts for upper stories with increasing bias
when the building height increases. Moreover, the story drifts predicted by the
MPP procedure seem to be uniform in upper stories, especially for 10- and 14-

story BRBF buildings considered in this study.

(5) The bias and dispersion of nonlinear static procedures in estimating seismic
demands tends to increase for tallet/BRBF buildings and stronger excitations.
The height-wise wvariation of bias primarily depends on the structural

properties, e.g., building hetght, rather than the intensity of ground motions.

(6) The bias of MPA and LIMPA procedures in estimating the maximum story drift
over all stories is_generally small; however, the bias of these procedures in
estimating peak” story /duift at an individual story can be considerable for
certain cases. Both /0f fthese. procedures provide practically similar results
whereas MPA is shightly simpler and more practical than IMPA as it involves
an invariant load pattern, On the Céhtrlary, the bias in estimating maximum

story drifts over all stories'of MPP can be large.

6.1.2 Accuracy of.the Proposed Extension of MPA" Procedure for Seismic

Evaluation of Bridge

The median seismiC.demands for an‘existing continuous twin I-girder bridge
due to an ensemble-of 20 LMSR ground ' motions were computed by the conventional
pushover analysis, the proposed extension of MPA and NL-RHA procedures and
compared. The hiasiand dispersion.of-the proposed extension of, MPA procedure are
evaluated over a wide range of bridge responses from essentially within the linearly
elastic range to far into the inelastic range. The presented results have led to the

following conclusions:

(1)  Types of bearings have a significant effect on the natural frequencies of the

studied bridge especially with the first longitudinal mode. Mode shapes,



(2)

(3)

(4)

()

(6)
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effective modal masses, and the order of vibration modes of bridges studied

are also affected by the types of bearing supports.

Many more modes may be required to accurately estimate the seismic
demands in bridges, especially in transverse direction, compared to the case of
buildings. The effective modal masses of higher modes are much lower than
those of the fundamental mades in both the longitudinal and transverse
directions. Additionally, the effective modal mass of many higher ‘modes’ are
very small (say less-than 0.1%) and the eentributions of these modes are not
significant. Therefore; the contributions of those modes should be neglected in
MPA estimate to.avoide@ large computation.

The number and types/©f modes to be included in MPA procedure depend on

the response quantities of interest..

Bearing supports have -significant. influence on the results of analyses.
Pushover curves of the bridge supported by steel bearings are much stiffer
than those of the bridge with LRB sd’pbérts. This trend is clearly noticed in the
longitudinal direction-as-the bridge response is dominated by the first mode

where the superstructure slides over the bearings.

The one ‘mode’ pushover analysis predicts the peak displacements and
internal forces well.in the longitudinal direction only (first longitudinal mode
dominates), butiit fails to accurately predict-seismic demands in the transverse
direction-of the bridges studied. It is also demonstrated that the conventional
pushover analysisiprocedure| curtently tsed by bridge engineers is inadequate
for estimating seismic demands in the transverse direction of bridges.

The contributions of higher modes in estimating seismic demands in the
transverse direction of the bridges considered are significant, since higher
‘modes’ participate more actively, particularly towards both ends of the
bridges. The seismic responses of the bridges predicted by the proposed
extension of MPA procedure are able to capture the NL- RHA results, whereas

the one ‘mode’ pushover analysis is inadequate. Both the MPA-SRSS and
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MPA-CQC procedures can estimate the peak displacements and internal
forces reasonably well with a tendency to slightly underestimate responses
when compared to NL-RHA.

Including response contribution of higher modes in estimating the peak
responses in the longitudinal direction of the studied bridges is unaffected.
Consequently, both the conventional pushover analysis and the proposed
extension of MPA procedures provice estimates that are essentially identical,
and are very close{o those from the NL-RHA in estimating the median

seismic demands of-the hridges in the longitudinal direction.

The bias of the preposed extension of MPA procedure is relatively small in
estimating the pealklongitudinal “vertical and transverse displacements of the
bridges. Howewver, the biases of the proposed extension of MPA procedure and
the one ‘mode’ pushover analysis',_in estimating the torsional rotation of the
deck near both ends of the bridge ca"rj be large in percentage.

The bias of the proposed extenéi;dri-" of MPA in estimating the peak
displacements, pier drifts  is generally-small; conversely, the bias of the
proposed extension of MPA in estimating hinge rotations at the base of piers
of the bridge supported by steel bearings can be large for certain locations.

The dispersion of the one ‘mode’ pushover analysis, MPA-SRSS, and MPA-
CQC investimating LRB shear force:demands is relatively large, 0.25 and 0.2

for shearforces along x- and y-axes, respectively.

The dispersions' of ithe pier drift ratios for bridges determined by the one
‘mode’ pushover analysis procedure range from 5% for demand in the
longitudinal direction to 20% for demand in the transverse direction. The
dispersions of the pier drift ratios determined by the proposed extension of
MPA procedure are smaller than 5% and 10% in the longitudinal and
transverse directions, respectively. Dispersion tends to increase for seismic
responses in the transverse direction as the contribution from the higher-modes

becomes more significant.
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(12) Comparing the bias and dispersion of the pier drifts, the internal forces in the
transverse direction predicted by the proposed extension of MPA procedure, it
is observed that the pier drifts can be estimated by MPA more accurately than
internal force demands. It is shown that both the MPA-SRSS and MPA-CQC
procedures provide estimates of peak total response that are very close to the
peak response determined by exact NL-RHA.

(13) The proposed extension of MPA procedure is least biased in estimating hinge
rotation demands for-the bridge with LRB-supports and relatively more biased

for the bridge suppoited on steel bearings:

(14) The bias of the pioposed extension of MPA procedure in estimating hinge
rotations about x- and.y-axes at the base of the piers of the bridge supported
by steel bearings (SB) s relatively small; but the dispersions are quite large,
0.3 and 0.2 for hinge rotations about x- and y-axes, respectively. Both bias and
dispersion of the proposed extensidn"" of MPA procedure in estimating the
hinge rotations about x- and y—axeé of the bridge equipped with LRB supports
are small compared to those of the b'ridbe with steel bearings, indicating that
MPA-SRSS and MPA-CQC estimate 't'h'é'hinge rotation demands of the bridge
with LRB accurately more often than the SB case:

(15) The MPA estimates combined by CQC are slightly more accurate than by
SRSS rule.. This is because the modes are, coupled. Nevertheless, the couplings
of modes are'not-significant.for the first few.modes in this case. Both versions
of the proposed extension’ of MPA procedure using..SRSS and CQC
combination' rules (MPA-SRSS, MPA-CQC) can accurately estimate the

seismic demands of the bridges considered in this investigation.

6.2 Recommendations

Being an approximate method, the proposed extension of MPA procedure
should obviously be evaluated comprehensively before practical application to bridge

evaluation and design. More work is clearly required to further investigate the
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accuracy and effectiveness of the MPA procedure for a wide range of bridges with
different configuration, degree of irregularity, dynamic characteristics (in terms of
higher mode significance, in particular bridges with important anti-symmetric and
torsion modes), and ground motion ensembles. Since the MPA is expected to be even
more valuable for the assessment of the actual inelastic response of bridges with

significant higher modes.
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APPENDIX A

BILINEAR IDEALIZATION

In the MPA procedure presented in Chapter 2, the force-deformation

(F,/L,—D,) relation of equivalent inelastic SDF system is obtained from the

pushover curve, the relationship between base-shear and displacement of the

monitoring point (V,,—Uu,, ). The pushover.etrve often consists of multi-linear

segments as a result of successive yieldi:ng at different locations in the structure. Such
multi-linear curve is uswally.-idealized as bilinear curve to facilitate solution of
Equation (2.14). The implementation of bilinear idealization in this study was
presented by Chintanapakdeg and Chopfa,""(2003b) adopted the criterion specified in
FEMA-356 that the first linear segment s'_t:1all intersect the actual curve at 60% of the
(idealized) yield force; however, this crite}i.o.nJanne can not uniquely define a bilinear
curve. Therefore, another widely uéed cri_téribn was adopted that the strain energy
(area under the curve) assoelatedt with the ;;éék,_'_response has to be the same as for the
actual curve. To impose the second criterioﬁ_'_tp_er target roof displacement is needed,

but not yet known, so-the idealization process needs to implemented iteratively:

(1) Assume a trial target displacement of pushover analysis so that area
under the pushover curve can be calculated.

(2) 'Obtain a bilinear curve that 'satisfies /the two criteria (by any
optimization algorithm, e.g., fminsearch.m function in MATLAB,
20070

(3)  Convert the idealized pushover curve to the F, /L, —D, relation

(Figure 2.2b) by utilizing Equation (2.23).
(4)  Compute the peak deformation, D,, of the nth-“mode” inelastic SDF

system (Figure 2.2b) with force-deformation relation of Figure 2.2b by
solving Equation (2.14), or from the inelastic response (or design)

spectrum.
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(5)  Calculate the peak roof displacement u,, associated with the nth-
“mode” inelastic SDF system from Equation (2.21).
(6)  Repeat steps (2)-(5) until the peak roof displacement is equal to the

value in the previous iteration.

It was found that the idealized bilinear curve is sensitive to the target roof

displacement assumed in Step 1, imp without the iteration presented above,

¢ , rily assumed target displacement
in bilinear curve idealizati there #ﬁon should be implemented

Y]
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APPENDIX B

MODE SHAPES OF THE STEEL BEARING BRIDGE
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APPENDIX C

MODE SHAPES OF THE LRB BRIDGE
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