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[3]-[8]. To overcome these drawbacks, an improvasghpver
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estimating maximum inter-story drift over all sesiof studied BRBF
systems.
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. INTRODUCTION

O estimate seismic demands in design and evaluafion

buildings, the nonlinear static procedures (NSR#)guthe

lateral force distributions recommended in ATC-40 [
and the FEMA-3562] documents are now widely used in
engineering practice. The nonlinear static procedorthese
documents is based on the capacity spectrum mehoa-
40) and displacement coefficient method (FEMA-35&)d
assumes that the lateral force distribution for pushover
analysis is based on the fundamental vibration mofdéhe
elastic structure. Consequently, these NSPs baséavariant
load patterns provide accurate seismic demand &stinonly
for low- and medium-rise moment-frame buildings vehe
contributions of higher ‘modes’ response are nghificant
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proposed by Chopra and Goel [4] to include contidns of
higher ‘modes’. The MPA procedure has been dematestrto
increase accuracy of seismic demand estimationallert
moment-frame buildings, e.g., 9- and 12-story tedimpared
to the conventional pushover analysis [9], [10].

Recently, an improved modal pushover analysis (IIPA
procedure was proposed by Jianmeng et al. [11]otwsider
the redistribution of inertia forces after the sture yields.
The IMPA procedure uses the product of the timéawaifloor
displacement vector (as the displacement shapenyertd the
structural mass matrix as the lateral force diatidm at each
applied-load step beyond the vyield point of streetu
However, to avoid a large computation, only two gghéateral
load distribution was recommended. In the first gghathe
pushover analysis is performed by using the fiest £lastic
natural ‘modes’ of structure, i.e., similar to thPA. In the

nonlineas€cond phase, only for the first ‘mode’ the lateraad

distribution is based on assumption that the fidisplacement
vector at the initial yielding point is the dispéament shape
vector.

An alternative pushover analysis method to estireaiemic
displacement demands, referred to as the mass nicopEd
pushover (MPP) procedure, was proposed by Kim amndida
[12]. The main advantage of the MPP is that theatsf of
higher ‘modes’ on the lateral displacement demaads
lumped into a single invariant lateral force distition that is
proportional to the total seismic masses at therfend roof
levels. However, the accuracy of both IMPA and MPP
procedures has been verified for a limited numbeases.

With the increase in the number of alternative pugh
analysis procedure proposed in recent years, iseful to
assess the accuracy and classify the potentiatalions of
these methods. An assessment on accuracy of MPA and
FEMA pushover analyses for moment resisting frame
buildings was investigated by Chopra and Chintakdge [9].
Then, an investigation on accuracy of improved imaar
static procedures in FEMA-440 was carried out bkakkand
Metin [13].

To assess the ability of current procedures, thjgep aims
to investigate the bias and accuracy of MPA, IMPA MPP
procedures when applied to buckling-restrained dxtdcames
(BRBFs), which have become a favorable lateraleforc
resisting system for earthquake resistant buildirgs its
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hysteretic behavior is non-degrading and much hgste
energy can be dissipated. BRBF is an innovativacgiral
system that prevents buckling of the braces bygusirsteel
core and an outer casing filled with mortar for thnace. Brace
axial force is resisted only by the steel core, cwhiis
restrained from buckling by the outer shell andllimhortar.

Ill. GROUND MOTIONS AND RESPONSESTATISTICS

Two sets of ground motions used in this study,rreteas
LA2/50 and LA10/50, correspond to 2% and 10% prdigb
of exceedence in a 50-year period [20]. These acaébn
time histories were derived from historical recagh or from
simulations of physical fault rupture processeschEaet of

The system is considered to have favorable seismic, ng motions consists of 20 records which are fatu-

performance over traditional braced frames, makingn
attractive option to structural engineers. More poghensive
background on this system can be found in [14]].[15

Il. STRUCTURAL SYSTEMS

Analyses of 3-, 6-, 10-, and 14-story BRBF buildinghich
were designed to meet seismic code criteria, agsepted to

normal and fault-parallel components of 10 recaydinThe
records in these suites include both near-fault famefault
records. The pseudo-acceleration spectra for tlesmis of
ground motions are shown in Fig. 2 together with tiedian
spectra (black solid lines).

To determine seismic demands of a building due detaf
ground motions, each record was scaled such thatgactral

evaluate the bias and accuracy of MPA, IMPA and MPRcceleration at the fundamental natural periochefliuilding

procedures. Building designs for the BRBF systerhdth the
3-story and 6-story cases adhered to the criteriahie 3vb2
and 6vb2 model cases studied by Sabelli et al. {#6le the
characteristics of the 10- and 14-story buildingsevadopted
from Asgarian and Shokrgozar [17]. Elevation viedv adl

BRBF systems are shown in Fig. 1. Analytical preipsrof
these BRBF buildings can be found in Chintanapaleteal.
[18]. Rayleigh damping model was used with 5% caiti
damping ratios for the first two modes, accordiagcdmmon
practice for code designed steel structures [R€) effect was

is equal to the median spectral acceleration fat fferiod.
This method of scaling helps reduce the dispersioresults
[21]. More details of these scaling ground motiar@ be
found in [18].

The response of each building to each set of tlergt
motions was determined by nonlinear response Fistoalysis
(NL-RHA), and nonlinear static procedure (NSP),..eMPA,
IMPA and MPP. The peak value of inter-story drif,
determined by NL-RHA is denoted bx,, ... . and from

_ : : _ > NSP by A, From these data for each ground motion, a
also considered for this study. Nonlinear statid aiynamic

analyses were carried out using the computer progrd€SPONse ratio was determineq from theA folloyvingla&eixpn:
DRAIN-2DX [19]. The natural periods of all modelsea Awsp=2Aysp! Ay -rua- The median valuesx, defined as the

shown in Table I.

(a) 3-story (b) 6-story (c) 10-story(d) 14-story
T, =0.50se(T, =0.80sec T, =0.98se( T, =1.27 sex

Fig. 1 Frame elevations of 3-, 6-, 10-, and 14yskrildings

TABLE |
NATURAL PERIODS OF BUILDING MODELS IN THIS STUDY

Modal natural period$, (sec)

Mode

3-story 6-story 10-story 14-story
1 0.504 0.797 0.982 1.274
2 0.197 0.296 0.338 0.423
3 0.120 0.174 0.187 0.230

geometric mean, oh observed valuesx() of Ayser Dyiria

and A*NSP;

the standard deviation of logarithm of time observed values
were calculated:

g = ex{m] (1)

and the dispersion measute of A, defined as

n

2 _1(':>i 1— In%)* @)

o=

IV. EVALUATION OF SELECTED NONLINEAR STATIC
PROCEDURES

The bias and accuracy of MPA, IMPA and MPP proceslur
are evaluated by comparing the target roof dispheces, peak
floor (or roof) displacements and inter-story drilompare to
‘exact’ results from nonlinear response historylgsia (NL-
RHA).

A. Target roof displacements

Pushover curves, which show the relationship betviese
shear force and roof displacement, for the 3- arstofy
BRBF buildings due to first ‘mode’ load pattern (KR
variable lateral force distribution (IMPA) and seis mass (or
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Fig. 2 Pseudo-acceleration spectra of (a) LA10#5@, (b) LA2/50 set of ground motions. (c) Pseudcebsration spectra of scaled LA10/50
ground motions for analyzing 3-story building, R§eudo-acceleration spectra of scaled LA2/50 groowiibns for analyzing 10-story

building
(a) LA10/50 (b) LA2/50
g 40 g 40
b =
.g 30 4 .g 30 . fﬂ%@&e&eﬂ
2 E M
3-story £ 201 £ 20+
g *MPA 8
% 10 o MPP % 10
% X IMPA %
@ 0 w w w Q@ o T ‘ ‘
(] 1 2 3. 4 0] 2 4 6. 8
Roof displacement/Total height (%) Roof displacement/Total height (%)
g 40 g 40
g i<
8 30 B 30 |
: :
el 8
6-story g 201 ,g 20§
5 5|
5 10 % 10+
o)
3 3
2 o ; ; ; @ 0 ; ; ; ;
. . ] 1. 2 3 4 5
0Roof d% glace me%\t/T otal %eslght (%)2 Roof displacement/Total height (%)

Fig. 3 First ‘mode’ pushover curves of 3- and égtauildings due to (a) LA10/50 and (b) LA2/50 grebmotions

weight) distribution (MPP) are plotted in Fig. 83.shows that  The accuracy of target maximum roof displacements
the pushover curve of IMPA is similar to MPA. Thesults in predicted by displacement of equivalent SDF systems
nearly identical estimates of target roof displaeats of both  (u, )., =D, for MPA and IMPA (wherer, @, and D,

SDF —

procedures. It implies that the changes of latdmd are participation factor, roof value and peak defation of
distribution of IMPA procedure are not significamtereas the SDF system of the first ‘mode’, respectively) or

force distribution of MPP leads to different resulPushover (ur )SDF =ID,,,for MPP are examined by calculating the ratio
curves of MPP are always higher and stiffer tham B8PA'S  ponyeen SDF  system estimate and roof displacement

and IMPA's for all cases. determined from NL-RHA: (u*)SDF:(ur)SDF/(ur)NL_RHA. The

r

89



International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:4, No:3, 2010

(a) LA10/5C (b) LA2/5C
20 20
Ron =1.132 : Syen =0.073 %00 =1.113 : By =0.124
éls— Kyupn =1.130 | Spa =0.072 §157 Kpn =1.106 | Oea =0.120
’-story élo ),ZMPP =1.119 | JMPP =0.086 510 f(MPP =1.107 | JMPP =0.112
G ——MPA : S :
254 0 :\')l/';? 2 5- |
—
0 0
0 02040608 1 12141618 2 0 02040608 1 12 14 16 18 2
(U™)sor (U*)soF
20 = ~ I _ 20 N _ | _
Kyea =1.138 | Oypn =0.161 Rupa =1.174 | Oypn =0.163
B 151 Rypa =1.139 | Oypn =0.161| B 15 Kypa =1.174 | Opa =0.162
§ Xvpp =1.108 | Oypp =0.163 § Kupp =1.176 I Oyep =0.161
6-story o 10 - | @ 10 - |
s | ° I
% 5 A | § 5 A
0 0
0 02040608 1 1.2 1.4 16 18 0 02040608 1 12 14 1.6 1.8 2
(U*)spr (W) soF

Fig. 4 Histograms of rati(u:)SDF for 3- and 6-story due to (a) LA10/50 and (b) LA2Ground motions

being close to 1 indicates good accuracy. Thieigher ‘modes’ in estimating the story drifts of MPand

histograms of these ratios of the 3- and 6-stoiijdings are IMPA procedures are more significant, especiallyujpper
shown in Fig. 4. The median and dispersion of taakproof stories of tall buildings. Fig. 6 shows that thergt drift
displacements are also noted. Fig. 4 shows thatShe demands of 10- and 14-story buildings predictedViBA are
systems of these nonlinear static procedures klighter- able to follow the nonlinear RHA results whereae first
estimate the maximum roof displacements but thes ki ‘mode’ alone is inadequate. With three or four ‘resd
MPA, IMPA and MPP is no larger than 14% for set ofncluded, the story drifts estimated by MPA is gaifig
LA10/50 ground motions and 18% for stronger groundimilar to the ‘exact’ results from nonlinear RHAowever,
motions LA2/50. the MPA story drift results including two ‘mode®irf3-story
B. Peak floor/roof displacements and three ‘modes’ for 6-story buildings are close ane
- . ‘mode’ results indicating that the contributions bigher
The responses of buildings to the two sets of gﬂ_(mntlons .‘modes’ are not significant for these buildings. tlBoone
were determined by MPA, IMPA, MPP nonlinear statig , . .
mode’ pushover analysis and MPA can estimate ¢éspanse

procedures and by nonlinear response history anafi¥ - .
RHA). The MPA and IMPA were considered as many modeOf structures reasonably well, although their ressdiffer from

as to include participating mass at least 95% il tnass. The L"RHA results at some stories. Similar to investign of
combined values of floor displacements and stoifgsdwere Peak  floor/roof displacements, IMPA estimates tertds
computed by using SRSS modal combination rule. overlap the MPA estimates in estimating story diémands.
The peak floor/roof displacement demands from foufhe MPP excessively overestimates story drifts omelr
methods are Compared in F|g 5; the results frondaho stories but underestimates Story drifts in uppeneﬁ in these
pushover analysis (MPA) including only the fundataén cases. Moreover, the story drifts predicted by MiPgtedure
‘mode’ are also shown in dashed line. These refedis to the seem to be uniform in upper stories, especiallylfbrand 14-
following observations for BRBF system. The conitibns of  story buildings.
higher ‘modes’ of MPA and IMPA procedures to floor To verify a building design or to evaluate an emipt
displacements are not significant. One ‘mode’ pusho structure, building codes usually require the maxmstory
analysis, MPA, and IMPA can estimate the peak floadrift in any stories to be less than its allowab#due. Fig. 7
displacements reasonably well with a tendency tgh#y plots the maximum story drifts over all storiesedgiined by
overestimate floor/roof displacement compared to-RHA NL-RHA and NSP as abscissa and ordinate, respéctiVie
whereas the MPP tends to significantly overestirpatek floor MPA and IMPA data points are clustered along tregdnal
displacements of lower stories (Fig. 5). line indicating that the maximum story drifts owat stories
estimated by MPA and IMPA are close to the ‘exaetiue
from NL-RHA. The median and dispersion of storyfdratio

ratio (U: )SDF

C. Story drift demands
Unlike the floor/roof displacements, the contribat of
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Fig. 5 Median floor displacements of 3-, 6-, 10d dd-story buildings determined by one ‘mode’ pugr@nalysis, MPA, IMPA, MPP and
NL-RHA due to LA10/50 (first row), and LA2/50 (sewt row) ground motions
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Fig. 6 Median story drifts of 3-, 6-, 10- and 1érgtbuildings determined by one ‘mode’ pushoverysis, MPA, IMPA, MPP and NIRHA
due to LA2/50 ground motions

K, considering maximum story drift over all storige also Thus, MPA and IMPA can be a useful analysis tool to

shown in Table Il. The median story-drift ratios MPA, ~ €stimate peak story drift over all stories in eadihg existing
Bypx: 12NGE from 0.93 10 1.14 whie the median stoffecr [CCEE  TEREE TS L e sametasbut MPA
ratios of IMPA, A, , from 0.92 to 1.16 indicating that both is simpler and more practical than IMPA becausevblves
MPA and IMPA procedures predict maximum story drdter  jnyariant load pattern. On the contrary, MPP metisosimple
all stories with bias less than 14% and 16% foeséh \yith no need to conduct a modal analysis to cagheeffects
buildings, respectively. On the contrary, the bragstimating of higher ‘modes’ but it may be inaccurate in esfimgy

maximum story drifts over all stories of MPP can beeismic demands for BRBF tall buildings due torsgrground
considerable in the range from 1.22 to 2.26. Timglies that yotions.

MPP significantly overestimates maximum story doier all
stories.
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TABLE Il

1 2 3
AnLrHa (%)

for 3-, 6-, 10- and 14-story buildings

MEDIAN AND DISPERSION OF MAXIMUM STORY DRIFT RATIOSOVER ALL STORIES DETERMINE BY MPA, IMPA AND MPPANSP,

VERSUS ‘EXACT VALUES, A

NL-RHA

Set of

records 3-story 6-story 10-story 14-story
K,pp =0.982,0=0.119 Do =0.949;0=0.205 N,p, =1.058,5=0.214 A, =0.986;,0=0.248
LA10/50 Dypp = 0.983;5=0.117 &,ypa = 0.952; 5= 0.206 &, ypp = 1.101;5=0.220 A pp = 0.987;5 = 0.249
A, pp =1.353;0=0.163 A, pp = 1.244;5=0.209 DNypp = 2.154;,0=0.284 Ao =1831;0=0.317
A, pp =0.926;0=0.132 A,pp =1.013;0=0.203 N, =1.143;5=0.226 A, pp = 1.046;0=0.298
LA2/50 Dypp = 0.922;5=0.128 K,pp = 1.015;5 = 0.202 D ypa=1.161;0 = 0.227 D ypp = 1.048;0 = 0.297
A, pp = 1.225;5=0.149 Lo = 1.422;5=0.212 Do = 1.839;0=0.364 A, pp =2.256;0=0.287
V. CONCLUSIONS ACKNOWLEDGMENT

The following conclusions are based on a comparison
NSP estimates of seismic demands and corresporehagt’
values determined by nonlinear RHA for 3-, 6-, 1dhd 14-
story BRBF buildings which were designed to meésrsie
code criteria.

The story drift demands predicted by MPA and IMP#& a
able to follow the nonlinear RHA results. Howewiise higher
‘modes’ contributions of these procedures in respoof 3-,
and 6-story buildings are generally not significat the first
‘mode’ alone may be adequate.

Despite considering the redistribution of inerigces after
structure yields, the pushover curve of IMPA is iEmto
MPA, resulting in nearly identical estimates ofgetr roof
displacements by both procedures. The IMPA tends/éolap
the MPA in estimating story drifts with slight déffences. [1

The MPP tends to significantly overestimate seismic
demands for lower stories but underestimates slafts for 2]
upper stories with increasing bias when the bujdieight
increases.

The bias of MPA and IMPA procedures in estimatihg t [!
maximum story drift over all stories is generallynadl;

however, the bias of these procedures in estimgigak story [4]
drift at an individual story can be considerable &®rtain
cases. On the contrary, the bias in estimating maixi story (5]

drifts over all stories of MPP can be large.
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