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Abstract. According to ASCE®S5, response spectrum analysis (RSA) procedure can be used to determine
the seismic demands of the structures for the seismic design of any type of structures. However, this design
procedure has been found to be inappropriate for medieiand highise buildings. This paper is aimed

at verifying the RSA procedure prescribed in the current Thai seismic design code waitlons ba
ASCEY05 and proposingppropriatanodificationto thedesign shear force frdREBA procedure. A 16

story mediunnise reinforcedoncretecorewall casstudy building veafirst designed based on RSA
procedure and then the nlimear regonse history analysis (NLRHA)sweerformed to determine the

more accurate seismic demands oftilueture. The results show that seismic shear demand of the shear
wall from noHdinear analysis is about 2 times the shear capacity of the wall designed by RSA procedure.
This could lead to shear failure in the shear walls designed by RSA pfacadiidesheafailurein the

shear wall elementbe shear demands in the wall elements designed by RSA procedure needs to be
amplified by a factor of, hich is equivalent to reducithg response modification factor R = 5.5 in
ASCE705 to R = 2.7%for shearforcein the shear wall only)
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1. Introduction

Mediumrise and ighrise concreteorewall buildingshave been used intensivaye toits lower costs

andfaster constructiocompared witlother mediurrise and highise buildings using other latdoate

resisting system [Hor this kind obuildingsystem, the latetfalrceresisting system is normally provided

by the core wall, since it is much stiffer than the column frame. For ieabmeason, the building is
expected to behave ntimearly and capacity design concept may be applied, then the desired mechanism is
that the flexural plastic hinge is formed near the base of the core wall and flexural yielding is anticipated in
the coufing beam.

However the current code provision does not distinguish the requirements faigheofléowrise,
mediumrise andighrisebuildingsand this may lead liessthartdesirable result.

In design practice, the equivalent static dpsigedure, in which the first mode of the structure is
assumed to dominate, is generally issddw-rise regular structurdse to its simplicity. However, for
longperiod structure like tall building, the seismic respbihggher modesontributes sigficantly. The
equivalent static procedure is thus found to be inappropriate. Hence, another approach known as response
spectrum analysis (RSA), which accounts formmadt effects, is employed in the current 3éiaimic
design codf?] (based on ASCHI5[3]). In the RSA procedure, to determine the seismic demands of the
structure due to earthquake loading, we first compute the elastic responses of each vibration mode from
dynamic analysis and the design response spectrum in the code based on g¥attaenpinthen the
responses of each mode eombined by either the squaret-of-sumof-square$SRSS) or the complete
guadratic combination (CQC) r[4f finally the total elastic responses are reduced to the seismic demands
for structural designyp a r esponse modi ficati on fsaengthoand 0 RO t
inelastic effects of the structure.

Despite the fact #t RSA procedure is currently aldwy the code provisianany researchers have
found that RSA procedupeescribed itthe current design code can sometimes lead to unsafe design since
it cannot capture the actual behavior of tall building under seismic loading. By tstory eeitiorced
concrete core wall buildirggkioglu et al.5] has shown that the seismic slstr@ngth of the core wall
segments and coupling beams should be determihdRByA. Moreover they found that the seismic
shear demand over the entire height of the wall from NLRHA bassakionum consided earthquake
(MCE) is as high as #imesthe caresponding demands from RSA procedure basetksign basis
earthquakeDBE) level of excitatiorAnother similar investigation conducted by Télamsjng a 45tory
reinforced concrete frame wall building has ralsealedhat the DBE seismic demands (shear and
moment) over the entire height of the wall from NLRHA are about 1.5 times the corresponding demands
obtained from RSA procedufether similafindings done biKlemencic et al7] andSangarayakul and
Warnitchai §] have alsoanfirmedthe insufficiency of RSA procedure on tall buildings. More recently,
Munir and Warnitchad)][ studied and explained the causemsdife design by RSA procedased on a
40-sstory case study builditigree main differences in both analyses REAILRHA) such as: damping
ratio, level of ground motion (DBE and MCE), and materialstreaigth used only in NLRHA were
consideredAnd despite these differences were adjusted and made ththeaaesmic shear demand
from NLRHA is still about 1mes the corresponding demand from RSA procedure.

In this paperbased on a castudy of a mediumse corewvall concrete building located in Bangkok,
Thailandwe aim toverify the response spectrum analysis procedure prescribed in the curremtithai seis
design cod§], to identify the weak points of structural memfsrear waknd column)andfinally to
makeappropriate suggestions for improvement of the current Thai seismic deqJ@jrnicedress the
design of mediurise buildings

The casestudy building wagst analyzetty RSAprocedurausingETABS [L(. The resulted seismic
demands wengsed to design the shear walls and columns such thainthalrstrengthof the member
weregreater than or equal to the densatidided by approptia strength reductidactos per ACI31808
[11]. The building already designed by RSA procedsrthen analyzed agaisingNLRHA procedure
through PERFORMBD [17, in which a set ofesen earthquake ground motions wwgut as seismic
loading. Finally, the deamds from both RSA and NLRHA we@mpared to chikahe validity of RSA
procedure and the deformations of the stractmembers due to NLRHA wethecked against the
allovable limit in ASCE4Q06[13.
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2. Structural system

The casstudy building is &6-story reinforce@oncrete building which is 49.2athwith 43.2 x 18.6 m

floor plan (Fig. 1)The lateraloadresisting system of the building consists of reinfoorertetecore

walls andslabcolumn frames whereas thegravityloadcarrying systeraomprisesl8cm thick post

tensioned concrete flat slab resting on reinforced concrete columns and shear walls. The column cross
section is 9@m x 30cm and the walls are &% thick. The compressive strength of concre@NtPa,

and yielding strength steelrebar is 4001Pa. Young modulus of concrete and steel are 28f60a@nd
200,000MPa, respectively.

432 m

18.6 m

RC columns Concrete tlat slabs RC walls
90 x 30 cm 18 cm thick 25 em thick

Fig. 1. Typical floor plan
3. Linear modelfor response spectrum analysis (RSA)

For linear analysipor slabs were assumed taibal diaphragmwherethe floos arerigid in plane and
flexible outof plane. The effective stiffness of structural mem@srbased on the value provided in the
Thai seismic design co@ 4s shown in Table 1. The colummse modeledas lineaframe elements,
while slabs and wallsre modetd as shellehents as illustrated in T@Bl The finite element model of
the studied sticture in ETAB$1( is shown in Fig. 2.

Table 1 Effective stiffness of the structural members
Structural element:Effective stiffness

Columns lefi= 0.70l4
Walls lefr= 0.70l4
S|abS Ieff: 025|g

Fig. 2. Building model in ETABR.O}]
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Table 2 Types of elements used for linear and nonhnedels.
Structural ElementsLinear Model (ETABS) Nonlinear Model (PERFORM-3D)

Column Frame element  Frame element + plastic hinges at both
Wall Shell element Inelastic fiber sectit
Slab Shell element Shell eleme

4. Nonlinear model for nonlinear response history analysisNLRHA )

For NLRHA in PERFORM3D [12] the columnsvere modeled a®inforceeconcretecolumn elements
whichconsist of lineatomponerg withnonlineaplastic hingeat both ends of each member. The hinge
yield strength is defined thyeedimensional #1-M yield surface~ig. 3 shows the #inear moment
rotation relationship of the plastic hinga\aslable in PERFORBD. Point Y representthe first yield
pointU isthe ultimate strengtpointR is residual strengdndpoint X represergmaximum deformation
The parameterfor the trilinear relationship including hinge rotation capacity and yield moment can be
found in Haselton et all4, and Panagiotakasid FardislH, respectivelfinear elastic shell elements
were used for the pestnsiordflat slab.

Inelastic fibesection modslwere usedfor reinforceeconcreteshear wallthrouglout the entire
height. A fibersection segment consists of eagimicrete fibers along with eigljuallyspacedteel fibers
(Figs. 4 and 5gach story of th&vl wallwas modeled with oreegment ofiber sectior{Fig. 4), whereas
the cross section of W2 and W3 walls consists of three segments Afligcd@)crete fiberin one
segment oiV1 were modeled as unconfined conc(&lg. 4), whereas concrete fiberth@boundary
regions of W2 and W3 were modeled as confined concrete and the middle region as unconfined concrete
(Fig. 5)

Steel fibers in W1 hawmiform crosssectional are@rig. 4) whereas steel fibers in the boundary
regions of W2 and W3 are larger than in the middle (EgjoB) The crossectional areas of steel fibers
in all walls are shownTiable 3The whole structure model in PERR@®RD [12] is illustrated ifig. 6

Moment

Strength

loss

Hardening
stiftness

Maximum deformation

X
|
I
I
|
|

Hinge rotation
0 )

Fig. 3. PERFORM3D momenrotation relationshipf plastic hingeincolumnelemen{l12.

oo d B oo 4 ple

| | |
I ] I
355cm355cm355cm  7lcm 7l cm. 35.5¢m 35.5¢m 355 cm

355 cm

Fig. 4 Fiber sectiomodelof W1wall
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Fig. 5. Fiber section of W2 and W3

Table 3 Area of each steel fiber.

Area of each steel fibefcm?)

W2 and W3
Story w1 Web Flange
Boundary Middle |BoundaryE1l) BoundaryE2) Middle

1 11.65 95.43 1.131 127.23 95.43 4
2 6.66 57.73 1.131 76.97 57.73 4
3 3.33 42.41 1.131 76.97 42.41 4
4 3.33 42.41 1.131 56.55 42.41 4
5 3.33 36.95 1.131 49.26 36.95 4
6 3.33 29.45 1.131 39.27 29.45 4
7 3.33 29.45 1.131 39.27 29.45 4
8 3.33 29.45 1.131 39.27 29.45 4
9 3.33 18.85 1.131 25.13 18.85 4
10 3.33 18.85 1.131 25.13 18.85 4
11 3.33 12.06 1.131 16.08 12.06 4
12 3.33 9.24 1.131 12.32 9.24 4
13 1.665 9.24 1.131 12.32 9.24 4
14 1.665 1.54 1.131 3.08 1.54 4
15 1.665 1.54 1.131 3.08 1.54 4
16 1.665 1.54 1.131 3.08 1.54 4

Fig. 6 Building model in PERFORBD [12.
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4.1. Material Models

The stresstrainrelationships otonfined and unconfined concreised in this study referred to the
models proposed by Reddia,[which is similar tohe weltkknown Mander et al.1[] except forthe
descendingranch ofstressstraincurve.Both models assume that concrete resist no tensileRe@g®mr
models had to be approximated as-lin&ar relationship due to limitation in PERFGBIM[12]. The
approximation was implemented such that the area under the curves remains.uigh&ayead (b)
showthe stresstrain relationship of unconfined and confined concrete, respectively.

40 -

E 30 et Perform -3D g —— Pirfoml 3D
<2 \\ [12] = [12]
% @ L )
g \ = = « Reddiar é Reddiar
% i ) [16]
~ [1(»] 9] 1

~ ) L A

- - 0 ¢

0 0.005 0.01 0.015 0 0.005 0.01 0.015
Strain (mm/mim) Strain (mm/mm)

(a) Uncontined concrete. (b) Contined concrete.

Fig. 7 Concrete stressrain relationshigp

The reinforcing steel strestgain relationship is based on material specification for steel rebar and
modeled with nominal yield strength of MiB& and ultimate strength of 34Pa, as shown in Fi).

Stress (MPa)

-0.1 -0.05 200 ) 0.05 0

. ——=600
Strain (mm/mm)

Fig. 8 Steebtressstrain relationship

The types of elements used for linear and nonlineaisnamdesummarized in the Tablab®ve
Different modelsveae used for columns and shear wdils; columnsvere modéed as elastiframe
elements in ETAB®hile elastic frame elements with plastic hinges at botesmdslizedto model the
columns iNPERFORM3D. The wallsvere modedd as shll elements in ETABS and as inelastic fiber
section components in PERR®I3D. The slabsvere modekd as shell elementsbioth ETABS and

PERFORMS3D.
4.2.  Hysteretic Model

The monotonic curve is first input into PERFOBM [17, and then the cyclic behavior of the
components is determined by specifying the energy dissipation factor, which is defined as the area of
degraded hysteretic loop divided by the area oflegvaded l0opPERFORM3D [17 adjusts the

unloading and reloadj stiffness to reduce the area under the dwoprding to the input energy
dissipation factorThe valugof the energy degradustifactors are shown in TaldleThese values are

obtained from doing trial andre by Kaewnurachadasofh§ to get the b& match with the
experimental results for hysterketap of columns iBezen [E.
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Tabled. Cyclic degradation in PERFORI [12].
Point Energy factor

Y 0.5
U 0.3
L 0.2
R 0.05
X 0.05

Degraded loop for trilinear behavior is used for the hystade of the column componerats
shown in Fig. @nd Fig. 1dn Fig. 9 the dash lines represent the first cyclic behavior of the components
before the deformations of the components in both positive and negative brancbie@iltaaete point,
whereas the solid lines are the second cyclic behavior of the components in two extreme shapes for the
degraded loop; (a) minimum elastic range, this extreme case gives minimum elastic range and maximum
strain hardening range. The elastic stiffeesains the same as the first cycle, but the yielding strength of
the component reduced and the strain hardening stiffness also degraded. The hardening stiffness is
calculated to make the area of the degraded loop equal to the energy degradatioesféotoatea of
the nondegraded loop (first cycle). (b) Maximum elastic range, this extreme case gives maximum elastic
range and minimum strain hardening range. The hardening stiffness does not change while the elastic
stiffness degraded such that tha afehe degraded loop is equal to the energy degradation factor times
the area of the netegradedobp (first cycle). In FigQ, the dash lines represent the first cyclic behavior
of the components after the positive and negative ddformat the coiponents attai) point, whereas
the solid lines are the second cyclic behavior of the components for the degraded loop. The yield strength
of the components degraded, the elastic and strain hardening stiffness degraded and are computed to make
the area othe degraded loop equal to the energy degradation factor times the area afeiipeaeh
loop (first cycle).

ACTION

7 DEFORMN
Y
>

-
-
4

(a) Minimum elastic range. (b) Maximum elastic range.

Fig. 9 Degraded loop for trilinear behavior before U point in PERFGRMZ.

ACTION
A

]

]
]
!

Fig. 10 Degraded loop for trilinear behavior aftgrdiht in PERFORMBD [12.
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Similarly, the degraded loop for concrete fiber of the shedpevaettion is shown in Fig. 11

. A
Stress

Unloading

Reloading

Strain

Fig. 11 Hysteretic model for concrete fiber in compression in PERFEDRNA].
4.3. Response Spectrum and Ground Motions

A set of ground motion records representing maximum considered earthquake (MCE) having 2%
probability of exceedence in 50 years (2475 years return period) is selected for NLRHA. This set of ground
motions consists of 7 aerds, as illustrated in Tableabd was input into ProShake softwaée tp

simulate the wave propagation through soft soil layers underlying BEmgkekulted ground motions

are use for NLRHA and shown in Fig. 1Phe pseud@cceleration spectra for this set of granations

output from ProShakR( for 5% damping ratio are shown in Fig.tb8ether with the average spectrum

(black bold solid line).

Table 5 Selected ground motion records

No. Earthquake event Station Magnitude Distance (km) PGA (g) Duration (s)
1 1999%ocaeli Maslak 7.4 64 0.165 143
2 1999 ChiChi TTN 042 7.6 65 0.128 111
3 1994 Northridge WrightwoodJackson Fla 6.7 68 0.154 74
4 1989 Loma Priete Piedmont Jr High 6.9 73 0.122 65
5 1971San FernancCedar Springallen Ranc 6.6 90 0.142 41
6 1999Chi-Chi TAP 077 7.6 117 0.074 103
7 1992 Landers  San Gabridk Grand Ave 7.3 142 0.1D 72
Note: PGA = Peak Ground Acceleration

N L ! //\\/\ r 1999 Kocaeli, Maslak

& O I | L. . 1999 Chi-Chi, TTN 042

% ' 1994 Northridge, Wrightwood

e 1989 Loma Prieta, Piedmont

9 O R B A P i i N e R _ .

£ 1971 San Femnando, Cedar Springs

z i) 1 1999 Chi-Chi, TAP 077

“j“ L AR S e - 1992 Landers, San Gabriel

: s N\ 1\ | ™= Average spedrum

g o - N 5

oy Dl P e G s ool Sl e e oo .

MCE spedtrum = — ==
; | | | | | |

0 0.5 1 1:5 2 29 5
Natural Period (sec)

Fig.12 List of the seven ground motions used in NLRHA (Faculty of Engingzijng,
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The design respsa spectrum usaéd RSA procedurghould be the spectrum thiapresergdesign
basis earthquake (DBE), which is defined as 2/3 of the MCE spectrum and is obtained from the average

spectrum of the seven records multiplied by 2/3 presented Basliglotted in Fig. 1dRe = 1).

\
[®

Pseudo acceleration,

0e : //\/\ r 1999 Kocaeli, Maslak
05 b N N 1999 Chi-Chi, TTN 042
: o : 1994 Northridge, Wrightwood
Y] — i d R 1989 Loma Prieta, Piedmont
1971 San Femando, Cedar Springs
| 1999 Chi-Chi, TAP 077
03 gl AN 1992 Landers, San Gabiel

02 :‘  \

Oul e i ;
MCE spectrum

f— Average spedrum

_J _______________________ __________________ E .'..:'.::?.—: _______ \ Ny \ _________________________ ________________________ -

0 | |
0 0.5 1

15

Natural Period (sec)

Fig.13 Pseudeacceleration spectra for the set of seven ground mdiiGEs

2 @

.‘
[

Pseudo acceleration,

0.3

DBE spectrum, Regs = 1

1.5

Natural Period (sec)

Fig. 14 Design esponse spectruf@BE) with Reff = 1 and Reff = 2.4

5. Results

5.1.

In this analysis, the elastic responsessifaifiicant vibration modes (20 modes) are first determined using
the desigrresponse spectrum in Fid.(Re = 1), and thertombined into total responses by CQC, rule

finallyreduced by a seismic modification factor (R/)T h e
categorized as ordinary reinforced concrete shear wall struciomgoataaht factoi=1.25 for occupancy

Response Spectrum Analysis

0RO
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category lll[3]. The analysis has beenducted via ETABR.( considering both-Belta and accidental
torsional (5%eccentricity) effects. The modal properties of thertgugdtiicture are shown in Tahle 6

Table 6 Modal properties of the building
Modal natural period Modal mass contribution in EW Modal mass contribution in N-S

Mode (sec) (%) (%)
1 2.92 69.81 0
2 2.86 0 25.36
3 1.30 0 42.21

The drift ratio obtained from the analysisuftiplied by a factor of 3.6 required by the cod&]
The ddlection amplification factors©f 4.5 is selected correspondin@Rt®.5. As illustrated in Fig.,15
the maximum story drift ratio throughout the entire height of the building is about 0.5%, which is only 1/3
of the allowable drifatio prescribed in the cofB

16 *+—N
3
14 | '
-+ : E
121 ) S (N I (R [ ¢« E-W direction
& 10 - o
S s s
» 8 : ; - - = N-S direction
6 1 G
il & .
4 4 o limit
2 A _.»",a’
./
0 1 1 1 L I ! 1 1 1 i L 1 1 L \! L 1 1 1
0 0.005 0.01 0.015 0.02

Drift ratio
Fig. 15 Story drift ratios in RSA proceddrBSA procedure versus Allowable limit

5.1.1. Equivalent lateral force procedure
Thai seismic design cof@ (based on ASCHI5 [3]) required that seismic design base shear obtained

from linear RSA procedure be not less than 85% of the base shear evaluated from linear static analysis,
which is theequivalent latdréorce (ELF) procedure. Tablsummarizes the ELF procedure.

Table7. Summary of equivalent lateral force procedure

Parameters Value
Important factor : | 1.2
Seismic modification coefficient : R 55
Code period in ®V direction : T 1.476

Code period in Bs direction : T 1.300

Seismic response coefficient iWHlirection : Cs 0.0257
Seismic response coefficient #$ Mirection : Cs 0.0318"
Effective weight of the building : W 10855 tol
Seismic base shear \Edirection : Matic 2790 kN
Seismic base shear iBNlirection : ¥ac 3450 kN

5.1.2. Seismic demand from RSA procedure

Since the seismic base shéghqni) first calculated from RSA procedure is less than 85% of seismic base
shear Vsaig from BLF procedure as shown in Tabléh#& force demands need to be scaled up such that
the Vgynamicfrom RSA procedure is equal to 8% To satisfy this requirement, the RSA leas b
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performed again via ETABE] with effetives ei s mi ¢ maddi T ie pthladc 0MRY/0IR6G f act
which Ry is defined as the smaller of R/l multiplied/Byamid0.85Vswicand R/l as illustrated in Table 8

The esponse spectrum divided hy iR plotted in Fig.4(Re = 2.4).1t shouldbe noted that the shear

walt W2 and W3 are symmetso the same demands throughout the entire height of the walls are
expected, thus the following results will be shown only for W2.

Table 8 Seismic base shear of ELF and RSA procedure
Parameters Value
ELF procedure
85% of Seismic base shear-WHirection : 0.8Baic 2371 kN
85% of Seismic base sheari8 Nirection : 0.85tatc 2932 kN
RSA procedure

Seismic base shear inEdirection Vaynamic 1310 kN

Seismic base shear i¥rBMlirection Vaynamic 1570 kN
Rett = min { R/l * denami£0.85 Vstatic, R/I }

For EW direction 243

For N-S direction 2.36

Therefore the seismic demands of structural members of the building are calculated based on this new
seismic modification factogsand shown in Fig8through Fig23. The structural walls and columns are
designed such that their nominal strength multipfiedstrength reduction factorACI31808 [L1] code
is approximately equal to the seismic demands from RSA procedure mentioned earlier.

5.2. Nonlinear Response Histoy Analysis

Nonlinear time history analysis has been performed through PERFEDRBIconsidering felta effect

with two levels of ground motions: (1) DBE ground motion and (2) MCE ground motion both consisting
of seven records. It should be noted that the seven MCE ground motion records are obtained from site
response analysis of Bangko#t soil usg the records shown in Tablasinput ground motions and

DBE records are obtained from multiplying the MCE records by 2/3. These two levels of ground motions
were applied separately in both horizontal directions to the building, natieSoNtbr and East/est
directions.

5.2.1. Verification of RSA procedure

In this study, DBE ground motions are used in NLRHA. The average value of maximum story drift ratio
obtained from NLRHA using the seven DBE ground motions and the maximum story driftaatced

from RSA procedureeacompared and shown in Fig. 16 and Figi&7can see from these figures that
RSA procedure underestimates drift ratios\ivi &irection, which is predominated by the frame action,
and overestimates drift ratio irS\Hiretion, which is gdominated by the wall action.

The same comparison is made between the vakmsof demands from NLRHA and from RSA
procedure for the forces in walls shown in Fig. 18 and Fig, F&SA procedure underestimates the
seismic shealemands throughout the entire height of W1 and the moment at middle stories of W1 (from
story 4 to 10).
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J k )

s —=— RSA procedure
- ..'
i Y - e =« NLRHA mean value
T due to DBE
0 0.002 0.004 0.006

Drift ratio

Fig. 16 Maximum story drift ratios in®& directionrd RSA versus NLRHA procedure due to DBE

Story

16
14 4
12 4

—=— RSA procedure

----- =« NLRHA mean value
due to DBE

0.002 0.004 0.006

Duift ratio

Fig. 7. Maximum story drift ratias N-S directior RSA versus NLRHA procedure due to DBE

Story

16

—— RSA proceduse

»»»» =~ NLRHA mean value
due to DBE

200 400 600 800
Shear force (kN)

Fig. B. Shear force in WIRSA versus NLRHA procedure due to DBE
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—— RSA procedure

Story
co

---------- NLRHA mean value
due to DBE

0 2000 4000 6000 8000
Bending moment (kN.m)

Fig. 19 Bending moment in WIRSA versus NLRHA procedure due to DBE

It can be seen from Fig. 20 and Fighat.the seismic shear demands of W2 from NLRHA procedure
are about 2 times as high as the corresponding shear demands from RSA procedure and that their
distribution patterns throughout entire height are almost the same. These results agree duitaewell wit
results of Klemencic et al. [7], and Munir and Warnit¢h&irflarly, thbendingnoment from NLRHA
is also about 2 times the corresponding demands from RSA procedure throughout the entire height of the
building aslepicted in Fig. 22 and Fig. PBere are three main reasons contributing to the differences of
bending moment in both RSA and NLRHA. Birghe strength reduction factor of 0.9 used in the design
process makes the structure for NLRHA 10% stiffer. SecondlyMBMB interactioreffect increases
the yield moment by about 2 times. Lastlymterial strain hardening used in steel model for NLRHA
can also increase the bending moment in NLRHA after yielding Tugsireven though the seismic
moment in NLRHA is as high as 2 time ttorresponding demand in RSA procedure, the still
performwell in flexure without excessive wall rotation as pddater in this report (Table 9

16

12 v
—
10
B
S 8 "
7 —— RSA procedure
6 - g )
4 M,
|| e NLRHA mean value
- T due to DBE

0 1000 2000 3000 4000
Shear force (kIN)
Fig. 20 Shear force in WE-W direction- RSAprocedurerersus NLRHA due to DBE
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Fig. 21 Shear force in W&N-Sdirectiond RSAprocedureversus NLRHA due to DBE
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5.2.2. Building performance

To check the performance of the building, MCE ground motions are used in NLRHA. The results are
investigated in several aspects. Core wall shear response is particularly critical, whereas the flexural respons
of the wall elements is evaluated usingaotg#ige elements included in the mod@ERFORM3D [17

and is within imndiate occupancy performanesel in ASCE406 L3 (Table 9 Column hinge

rotations are also vegyitical;few of them exceed the rotation limit for collapse prevention letgl se
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ASCE41-06[13] as shown in Table .18tory drift ratios in both-B/ and NS directions are not exceeding

the limit in the coel[3] as illustrated in Fig4

Table 9 Most critical wall hinge rotation

: . . ASCE41060 Limit
Earthquake loading Hinge rotation
10 LS CP
Average of ground motions 0.0017
Maximum of 7 ground motior 0.002 0.002 0.004 0.008
Table 10 Most critical column hinge rotation
ASCE41060 Limit
Earthquake loadin Hinge rotation
g g g 10 LS cP
Average of @round motions 0.0183
Maximum of 7 ground motior 0.0254 0.004 0.0135 0.0175
16 P -
®
14 - ®
»
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10 e mean value
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g 8 g
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A 6 & —
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Fig. 2. Maximum story drift ratios in NLRHA due to MCE
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Figures25 through 2Ztompared the seismic shear demand obtained from mean value of NLRHA of
MCE ground motions to the desighearcapacityof the shear wallsom RSA procedure. It can be
interpreted from the figures that the shear demand of the walls exceeds theinvbagacigans shear
failure could be expected to occur on the walls. It should be noted that the shear design capacity of the

walls is obtained from dividing the demands from RSA procedusidnygéh reductiofactor f of 0.75
[11]

5.3. Modified RSAProcedure

Priestly and Amari2d had proposed Modified Modal Superposition (MMS) method to combine the
elastic modal shear demand based on two main assurdptiblity. limits primarily first mode response
and the inelastic higher modes will not differ significantly from the elastic modes. In MMS method, the
elastic seismic shear demand is reduced by a seismic modification factor only in the first vieration mod
and then combined with the elastic shear demand of other higher modes iespttaé r Munir and
Warnitchai [Pused a method called uncoupled modal response history analysis (UMRHA) adapted from
Chopra and GoePd] to decompose the inelastic saigesponses into the contribution of each vibration
modes. The results are compared with the demands from RSA procedure (with R=1 and R=5.5) and they
found that the demands from UMRHA matched RSA (R=5.5) only in the first mode and reasonably close
to RSA R=1) in other higher modes. Hence, it is wise to adapt the modified RSA procedure to MMS
method prposed by Priestly and Amarig.[2

In this modified RSA procedures Riust be computed first, and then like RSA procedure, the elastic
responses of all significant vibration modes are determined usingichesganse spectrum in Fig. 14
(Rt = 1), next only the responses of the first translational méded{Eection)and the first torsional
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mode of the structure are reduced by the effeetivessmi ¢ mo di feidg atfiimral fl gctt dire ¢
of all modes are combined into total responses by CQC rule.

As depicted in Fig82hrough Fig. 3@he shear demands froimis modified RSA and RSA procedure
are then compared with the corresponding demands evaluated as the average value of the demands in
NLRHA employing the set of DBE ground motions. The results show that this modified RSA procedure
overestimates the seismmhear demands in W1 and WZ5(Nirection) and that good agreement of shear
demands in W2 (B/ direction) from modified RSA and NLRHA is found.

Fig. 31through Fig33shows that the shear capacity of the walls designed by modified RSA procedure
is greter than the mean demand from NLRHA except in theheght of W2. So this modified RSA
procedure could be used to avoid shear failure in the wall elements. It is noted that theddiesign m
RSA and RSA from Figl 3o Fig. 33re the shear capacitidsained from dividing the shear demands
from modifiedRSA and RSA procedure in Fig. 28 to Figy20strength reduction factbof 0.75 [11]
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Fig. 28 Shear force in WIRSA versus Maodified RSA versus NLRHA procedure due to DBE

Fig.29 Shear force in WE-W direction- RSA versus Modified RSA versus NLRHA procedure due to
DBE.
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