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HIGHER MODE EFFECTSON THE SEISMIC RESPONSES OF
HIGH-RISE CORE-WALL BUILDINGS

P. WARNITCHAIY" and MUNIR A2

School of Engineering and Technology, Asian Institute of Technology, Thailand
“National Engineering Services of Pakistan, Pakistan

ABSTRACT

In the conventional seismic design of high-rise &@e wall buildings, the design demands such as
design shear and bending moment in the core walltgpically determined by the Response
Spectrum Analysis (RSA) procedure, and a plastigdis allowed to form at the wall base to limit
the seismic demands. In this study, it is demotedréy using a 40-story core wall building that
this conventional approach could lead to an undaégn where the true demands—the maximum
inelastic seismic demands induced by the maximumsidered earthquake (MCE)—could be
several times greater than the design demands andnproportionately dominated by higher
vibration modes. To identify the cause of this peoly the true demands are decomposed into
individual modal contributions. The results shovattithe true demands contributed by the first
mode are reasonably close to the first-mode ded@mnands, while those contributed by other
higher modes are much higher than the correspomdotdal design demands. The flexural yielding
in the plastic hinge at the wall base can effetigippress seismic demands of the first mode.
For other higher modes, however, a similar yieldmgchanism is either not fully mobilized or not
mobilized at all, resulting in unexpectedly largentibutions from higher modes. This finding
suggests several possible approaches to improveeiBenic design and to suppress the seismic
demands of high-rise core wall buildings.

Keywords: tall buildings, seismic design, higher modes e@ffemodal pushover analysis, nonlinear
response history analysis.

1. INTRODUCTION

Concrete core walls are commonly used as a lafi@red-resisting system in high-rise buildings as
they offer advantages of lower costs, faster canstmn, and more open and flexible architecture
compared to other lateral-force-resisting systefgypical lateral framing system for high-rise

buildings of this type consists of a central corallwperipheral columns and, in some cases,
outriggers connecting between the core wall andcttemns. As the core wall is generally much
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stiffer than the peripheral columns, the lateraadioin buildings, particularly those without
outriggers, is mostly resisted by the core wallr Eoonomic reasons these buildings are not
designed to remain elastic under either the debigsis earthquake (DBE) or the maximum
considered earthquake (MCE). Flexural plastic hisgeormally allowed to form at the base of the
core wall under such severe ground shakings, kfptastic rotation in the hinge zone must be
within an acceptable limit and the wall above tivegh zone is expected to remain elastic (Priestley
et al. 2007; Panagiotou and Restrepo 2009).

Due to the long-period nature of the structuresigaificant contribution to seismic responses from
higher vibration modes is expected. Therefore,rédgponse spectrum analysis (RSA) procedure,
which accounts for multi-mode effects, is commoun$ed in the seismic design of high rise core
wall buildings. In the RSA procedure, the elastsponses of each vibration mode are first
determined from the DBE response spectrum at 5%puotymatio and then combined into the total
elastic responses by either the SRSS or the CQ@aaietand finally reduced to the seismic
demands for structural design by a response madtific factor “R” that accounts for the
overstrength and inelastic effects of the struc(LEBO 1997).

Recently, studies on a 60-story and a 40-story B€ wall building in high seismic areas show
clearly that the RSA procedure greatly undereses#te seismic demands along the entire height
of the core wall under both DBE and MCE (Klemengial. 2007; Zekioglu et al. 2007). In these
studies, non-linear response history analysis (NARHvas carried out as part of the
performance-based seismic design to verify tharseidemands estimated by the RSA procedure.
The base shear demand and the mid-height bendimgentoof core wall under MCE ground
motions computed by the NLRHA procedure are abott 3 times of those obtained from the
conventional RSA procedure; the base shear densmad high as 15-20% of the total building
weight. Such high shear and bending moment demanediskely to create several design problems
and difficulties. If the designer follows the RSfopedure, he might end up with an unsafe design
of the building. On the other hands, if the corrbat high seismic demands from the NLRHA
procedure are used, the design might lead to umeaically thick wall with a very high amount of
steel reinforcement and expensive foundation sirastto withstand very large lateral loading, etc.
It is therefore crucial to understand why the s@sdemands are such high and why the RSA
procedure fails to predict the demands. The imptawederstanding could lead to more effective
design of measures to reduce the seismic demaratséptable levels.

One critical assumption in the RSA procedure i¢ #tastic responses of each and every vibration
mode can be proportionally reduced into the inelaséismic demands by the same response
modification factor “R”. Some studies on multi-moatelastic seismic demands in tall buildings
and wall structures, however, shows that this isalvays valid, and several new procedures to
estimate such demands more accurately have bepasa. For example, Eibl and Keintzel (1988)
who first identified this issue proposed a concegidted “modal limit force”, where shear force
demand in each mode of a cantilever wall struaaitienited by the yield moment at the base.



In this study, the reason(s) for high seismic deisan high-rise RC core wall buildings and the
failure of the RSA procedure are investigated usirg@se study building. The study will enable us
to gain a greater insight into this important pesb] and may lead to an improved seismic design as
well as a more effective control of high seismiodads for this type of structures.

2. THE CASE STUDY BUILDING

A high rise RC core wall building is selected asage study building. Two levels of earthquake
ground motions—DBE and MCE—are considered. MCEherrhaximum considered earthquake is
defined as the ground shaking level at the building with a 2% probability of exceedance in 50
years, while DBE or the design basis earthquakkedevel with a 10% probability of exceedance
in 50 years and is assumed to be two-thirds of MU&e case study building is assumed to be
located in a high seismic hazard area equivaletited®eismic zone 4 of the 1997 Uniform Building
Code (ICBO 1997). The seismic demands for design computed from the DBE response
spectrum by the RSA procedure, and are used icdhpacity design of the structure to ensure the
achievement of a predetermined plastic mechanidme. Auilding designed by this conventional
design procedure is expected to be able to witdsMEGE without collapse. Hence, the seismic
demands in the core wall of the building under Mi€Hinally evaluated by the NLRHA procedure
and compared with the design basis demands by & pocedure. This comparison will
demonstrate the validity of the RSA procedure.

The case study building is a 415-ft tall, 40-stagidential tower with a typical story height of ft0
and a lobby-level height of 20 ft. It has threeelsvof below-grade parking with 10 ft story height
and a thick foundation slab resting on a firm simat The surrounding soil condition can be
classified as ‘stiff soil’ equivalent to the sojipe $ in the UBC 97. The lateral framing system
consists of a central RC core wall and 14 perighesbumns, whereas the gravity load carrying
system consists of 8-in-thick post-tensioned cdecfiat slabs resting on the peripheral columns
and the central core. A typical floor plan is shoimnFigure 1. This building was designed by
Magnusson Klemencic Associates and ARUP using tbe Angles Tall Buildings Structural
Design Council’s Alternative Design Procedure fatl Buildings (Klemencic 2007), and hence the
arrangement, configuration, dimensions, and spetifmaterial strength of key structural
components such as core wall, columns, slabsaetaconsidered to be reasonable and realistic for
such a tall building in a high seismic hazard zone.

3. DESIGN SEISMIC DEMANDS

The RSA procedure in the UBC 97 is adopted hehisistudy. This is because the UBC 97 has
been widely used as a model code for seismic dedidgpuildings in many countries and the RSA
procedure in its successor, the International BugjdCode, is almost identical to that of the UBC
97. In this procedure it is first required to detare the properties of all significant vibration des.

A three dimensional linear elastic finite elemerddal of the case study building is then created



and analyzed using the ETABS version 9.0.0 softwanmodal analysis is undertaken to obtain the
natural periods, mode shapes and modal mass pattan factors for the first six translational

modes in each principal horizontal direction (X afd With these six vibration modes about 98
percent of the participating mass of the buildiegaitained in each direction. The calculation of
seismic demands using these modal properties itetinio the X direction, which is considered to
be sufficient for the purpose of this study.
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Figure 1. Plan of the case study building (Klemencic 2007)

The design spectrum in this RSA procedure is thstiel response spectrum at 5% damping ratio of
DBE in seismic zone 4 on soil type.SBy this procedure elastic responses of all sicpuiit
vibration modes are first determined from the desigectrum, combined into the total responses,
and then reduced to the seismic demands for désighe response modification factor ‘R’. The
‘R’ factor of 5.5 is selected as the case studyding can be classified as a ‘building frame system
with concrete shear walls'. It is also required ti@ base shear demand (or design base shear) must
not be less than 90 percent of the design base deéarmined by the static force procedure. To
satisfy this requirement, it is necessary to replde R factor of 5.5 by an effective response
modification factor R¢ of 4.0. With this new R factor, the seismic demands are computed for
the first six vibration modes, and are combinedh®yCQC method into the total seismic demands
for design. The computed design seismic demandsigrdelear and moment demands of the core
wall over its entire height—are illustrated in Fig\2.

The obtained design demands are then utilizedencépacity design of the building structure. A
kinematically admissible plastic mechanism suitdblea tall building with a central core wall is
first selected. In this mechanism, a ductile ptalinge is allowed to form only at the base regbn
the core wall. The amount and distribution of Iandinal steel reinforcement of the core wall in the
base region (levels 0-5) are determined such ttatnominal flexural strength times the



strength-reduction factorg( of 0.9 is approximately equal to the design basement. The
calculation of this nominal flexural strength alskes into account the effects of gravity loads
using the UBC-97 load combination rules. The trense and other reinforcement detailing in these
plastic hinge regions are set according to the WBCletailing provisions. All other portions of the
core wall and all other structural elements (colansiabs, etc.) are assumed to have sufficiently
high strengths to remain elastic during when ailtuptastic hinge is formed in the predetermined
location. No attempt at this stage is made to ddter the required strengths in all these elements,
but they will be determined later by the NLRHA pedare in the following section.

4. TRUE SEISMIC DEMANDS

Actual maximum seismic responses of the case shudiling under MCE or “true seismic
demands” are best estimated by the NLRHA procedtoethis purpose, it is necessary to have a
set of ground motion records that can represent M{&ge, the MCE response spectrum is assumed
to be 1.5 times the DBE response spectrum. Sewssfigld horizontal ground motion records
whose spectra resemble the target MCE spectrursedgeted from the PEER NGA and COSMOS
databases. Each record is at first scaled by aamnsuch that its spectrum roughly match with that
of MCE, and then slightly modified by a softwareckage named RSPMATCH 2005 (Hancock et
al. 2006) to finally obtain accurate spectral matglwith MCE.

A nonlinear model of the case study building forRHA is created in Perform 3D version 4. The
portion of core wall expected to remain elastizéles up to the roof) is modeled by elastic shear
wall elements. For the plastic hinge region (lev®t® 5), core wall is modeled by a large number
of concrete and steel vertical fiber segments. Ildmr hysteretic model of non-degrading type is
used for the steel fiber. The post-yield stiffnessset to 1.2 percent of the elastic stiffness. ikl
strength of steel bars is assumed to be 1.17 titme®minal (design) yield strength to account for
the material overstrength. For the same reasongdhgressive strength of concrete is set to 1.3
times the nominal (design) strength. Columns arabsslare modeled by elastic column and
slab/shell elements, respectively. The foundatiat $s assumed to be firmly fixed to the rigid
ground where the input ground motions are introdud@&e geometric nonlinearity () effects are
also accounted for. The modal damping ratios offitls¢ six translational modes are set to 1.0%
(first mode), 1.4%, 2.0%, 2.7%, 3.8%, and 5.3%féde). These damping ratios are considered to
be more realistic than the 5% value typically assdiin the design (CTBUH 2008).

With this nonlinear building model, nonlinear tirhestory analyses are performed for seven input
MCE ground motions applied in the X direction. Blasinge is, as expected, formed at the base
region of core wall. For each input motion, the maxm shear and bending moment at every floor
level of the core wall are determined. The resfutimn all seven input motions are then compared,
and the upper-bound, mean, and lower-bound valfifsese responses are computed and plotted
against the height of the building as shown in Feg2L These responses are true seismic demands



of the inelastic structure when subjected to MC&ugd motions, and they are compared with the
design seismic demands (as explained in SectiomtB)s Figure.
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Figure 2. Comparison between design seismic demandsin the corewall from the RSA
procedure and true seismic demands from the NLRHA procedure

It is clear that the ‘true’ seismic demands are Imhigher than the design seismic demands over the
entire height of the core wall, and their distribatpatterns are markedly different. The mean base
shear demand is as high as 5 times the designsbas&, and is approximately 25% of the total
seismic dead load of the building. Similarly, thean bending moment demand at the wall's mid
height is as high as 5 times the correspondinggdasioment. In the base region of core wall where
flexural yielding occurs, the mean moment demarab@ut 1.5 times the design moment. This ratio
of 1.5 is essentially the overstrength factor masgifrom the higher material strengths than nomina
design values and the strain hardening effectesl seinforcement. All these results are in general
agreement with the study by Klemencic et. al (2007)

There are many possible reasons contributing t® shiking difference between ‘true’ seismic
demands and design demands. Firstly, the ‘trusnsieidemands are computed from MCE ground
motions, which are 1.5 times of DBE motions useddietermining the design demands. Secondly,
the realistic modal damping ratios of 1% to 5%ha honlinear building model are generally lower
than the traditional 5% damping ratio for every momh the RSA procedure. Thirdly, the
overstrength in plastic hinge zones leads to amathviecrease in both moment and shear demands
by a factor of about 1.5All these three factors, however, still could naplain this striking
difference between true demands and design dem@dsir and Warnitchai 2012). A more
in-depth analysis is therefore required to gaithierr insight into this issue.

5. MODAL DECOMPOSITION OF INELASTIC SEISMIC RESPONSES

One effective way to understand complex dynamipaorses of a structure is to decompose the
responses into the contributions from each vibratimmde. Several methods have been developed



for modal decomposition of inelastic responsesthla study, a method called ‘uncoupled modal
response history analysis (UMRHA) procedure’ is @dd. This procedure was developed by
Chopra and Goel (2002) and was simplified into MfA procedure. Certain adjustments have
been carried out in this study to make the UMRHAcedure applicable to the case study building
(Munir and Warnitchai 2012).
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Figure 3. Mean modal responses of the case study building to MCE and their combination.
(a-c) Mean Shear (d-f) Mean Moment (g-i) M ean shear deformation angle

By using the UMRHA procedure, the modal respondethe case study building to each of the
seven MCE ground motions can be determined. Omyfitet four modes are considered since the
contributions from other higher modes are foundbéansignificant. The sum of these four modal
responses is therefore expected to approximatelghveith the response computed by the NLRHA
procedure. To confirm this point, for each input EI@otion the resulting four modal responses at
each floor level are combined in time domain irtte total response time historjhe seismic

demand at that floor by the input motion is thertedained as the highest positive response



throughout the entire time history. This calcuatiprocess is repeated seven times for seven
different input MCE motions, and the mean seisnamdnd by these motions is determined and is
compared with the corresponding mean seismic dersantputed by the NLRHA procedure in
Figure 3.

The comparisons shown in Figure 3(c), (f), anda@ made for three different types of seismic
demands—shear force in the core wall, bending momethe core wall, and story racking (shear)
deformation angle of the exterior zone outsidedbtee wall. The story racking deformatiop (
angle is the conventional story drift rati®) (subtracted by the floor inclination angle meadure
clockwise from a horizontal plane. THisangle is a measure of in-plane shear deformation o
partition panels spanning between the core wall pedmeter columns (CTBUH 2008). The
comparisons show clearly that the mean shear amdemiodemands in the core wall and the mean
racking angle demand computed by the UMRHA proceduoatch well with those obtained from
the NLRHA procedure, and thus confirming the reasteness of the UMRHA procedure.

The racking angle demand throughout the entirehtea§ the building is found to be completely
dominated by the first mode (Figure 3 g,h), while shear demand is dominated by the second and
third modes (Figure 3 a,b), and the moment demsuedntributed more or less equally by the first
three modes (Figure 3 d,e)The results also show that the contribution from second mode, as
well as other higher modes, attains its highestiesland zero values at certain heights; these
heights are the locations of anti-nodes and nofiteeanodal response.

6. VALIDITY CHECKING OF THE RSA PROCEDURE

The validity checking is made by comparing threféedent types of seismic demands. The first type
is ‘MCE modal demand’, which is defined as the dbntion of a vibration mode to the total
inelastic seismic demand caused by an MCE grountdomoThis demand represents the true
seismic demand in the structure by the most sesarénquake. The second type is ‘DBE elastic
modal demand’, which is the elastic response oibeation mode to a DBE ground motion. This
demand is computed from the DBE elastic responsetgpn at 5% damping ratio. The third type is
‘modal design demand’, which is set equal to theeCdastic modal demand divided bysR The
square root of square sum of modal design demaadsdll significant vibration modes is equal to
the ‘design demand’ of the RSA procedure. Therefibre RSA procedure is considered valid if the
modal design demand is sufficiently close to theBVif@odal demand.

All these three types of seismic demands in the e@ll are compared in Figure 4. Note that the
MCE modal demands presented here are computeddneMCE record. For the first mode, the
comparison shows that the MCE modal shear and modemands are close to, though slightly
higher than, the corresponding modal design demaridsr ratio is about 1.5 throughout the entire
height. On the other hand, for other higher motlesMCE modal demands are several times higher
than the corresponding modal design demands, itaicthe invalidity of the RSA procedure for
such cases.
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Based on the above findings, it can be concludatittie use of a large reduction factogf)Ro
reduce DBE elastic demands into design demanderR®A procedure is valid only for the first
mode and is invalid for other higher modes. A fartlanalysis by Munir and Warnitchai (2012)
shows that an effective yielding mechanism to lisgiismic demands occurs in the first mode, but
is not fully mobilized in the second mode and is mobilized at all for the third and fourth modes.
The conventional design concept that relies on only plastic hinge at the wall base region to limit
inelastic seismic demands over the entire core walfound to be ineffective. This new
understanding also suggests several possible nesagueffectively reduce the seismic demands.
For example, one might allow plastic hinges to fatrseveral selected locations along the wall
height, not just at the base. This is in line vita dual plastic hinge concept—one hinge at the bas
and another at the mid height of the wall—propolsgdPanagiotou and Restrepo (2009). These
selected locations could be the anti-nodes of moaahent of the targeted modes, and the flexural
yielding strengths at these locations could betsetppropriate levels so as to create effective
yielding mechanisms in these modes. Another passitdasure is to add passive energy absorbers
such as viscous dampers or buckling restrainedebranto the building. These devices could be
specifically designed to dampen down the targetedes so as to keep the seismic demands within
acceptable limits. By decomposing the inelastisrsi& responses into their modal contributions,
the design of such passive control devices coulchége in an effective manner.



7. CONCLUSIONS

For high-rise core-wall buildings, the conventiorsaismic design, where design demands are
determined by the RSA procedure and plastic defboman the core wall is designed to be mainly
concentrated at the base region, could lead tanaafe design. The maximum shear and bending
moment demands along the height of core wall uMIE ground motions could be several times
greater than the design demands. The use of a‘Rrdgctor to reduce elastic demands into design
demands in the RSA procedure is found to be validthie case study building only for the first
mode and invalid for other higher modes. The yreddat the core base region is only effective in
limiting seismic demands of the first mode. Thiading provides new insights into complex
inelastic responses of high-rise core wall buildirapnd suggests several possible approaches to
improve the seismic design and to suppress thengedemands of these structures.
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