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RELATIVE SAFETY MARG INS OF CODE-CONFORMING
VERTICALLY IRREGULAR HIGH -RISE BUILDINGS

Aman MWAFY?, Sayed KHALIFA and Bilal EL-ARISS®

ABSTRACT

This study assesses the masgih safetyof codecompliant vertically irregular highise buildings at
different performance levels. The vertically irregular reinforced concrete-isghbuildings in the
UAE, which is selected as a case study to represent regions of medium seismicity, are surveyed. A set
of 50-story benchmark structures is selected and fully desigiccording tonodernbuilding cods to
represent welengineeredigh-rise buildings with a diversity in irregularity features. Verified fiber
based simulation models are developed and 40 earthquake records represergaigniescenarios
are select for inelastic analysidncremental dynamic analyses are deployefrawide insight into
the local and global response of the benchmark structlinestesults indicate thateé safety margins
of well-designedhigh-rise buildingswith a variation mn vertical stiffness or witha geometric
irregularity arenot inferiorto thoseof the regulacounterpartat different performance levelBespite
the adopted overstrength factor in design as per the code recommendhgaesultsreflect the
lower safety margins of the structure that exhibits a lateral strémgthk story irregularityand
confirm the need for mitigation strategies to reduce ¢hpected seismitossesof this class of
buildings Investigating the inelastic seismic response of a set ofergfe structures with diverse
irregularity features at different levels of earthquake intensity renders the results gfstiematic
study indicative of response trendgjarding the safety marginéfered by modern seismic codes for
irregular highrisebuildings.

INTRODUCTION

A large number of @al highrise buildings are practically irregular since the perfect structural
regularity rarely existsThe architectural design of modern residential and office buildings (many of
which have integrated commercend parking spaces) have become more compleg.eperience
from previous earthquakes have shown that the seismic behavior of buildings with irregular
distributions of stiffnessstrength or massalong their height can be significantly different in
comprison to the regular counterpartfie vertical irregularity is introduced due to abrupt variations
in the stiffness, strength or mass of the lateral force resisting syBtemefore, simple analysand
designmethods, which are often used for regulaildings, could be inefficient Modern seismic
design codes distinguish between irregularity in plan and in eleveignASCE-7, 2010 CEN,
2009. The tendency to sepagairregularity also characterizes the scientific literature related to the
seismic response of this class of structures.
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The growing interest to gain insight into the seismic behavior of irregular buildings, particularly
vertical irregularity, has been shin in the literature(e.g. De Stefano and Pintucchi, 2D08he
seismicbehavior of setbacind steppethuildings was investigated in a number of studeeg.Duan
and Chandler, 199%5arkar et al., 20105hahrooz and Moehle, 1990t was concluded thasimple
analysis procedures are inadequate to predict and prineetddmage concentration near the setback
levels. Theeffectivenesof the codeprovisions(ICBO, 1997 in the design ofrregular structures was
studies by Valmundsson and N&997) using buildings with different heights, ranging from 5 to 20
stories.It was concludedthat mass and stiffness irregularity causeatlerate increases in response
guantities.A number of modifications to the vertical irregularity design criteria were proposed based
on the latterstudy Das and Na@2003 investigated different vécal irregularities such as stiffness,
strength, mass. R@oment resisting framedRFs) with different heights (5 to 20 stories) when
designed using the ELF procedure were studied. It was recommended to release the unnecessarily
conservative restriction®on the applicability of ELF procedure for certain types of vertical
irregularitiesdue to their satisfactory performan@d-Ali and Krawinkler(1998 and Chintanapakdee
and Choprg2004) investigatedhe seismic response of simple mnige singlebay frames, and almost
reached to similar conclusions regjaig the applicability ofthe code provisions. Michalis et 42006
studiedthe dynamic response of vertical irregularities using sioey steel frames and incremental
dynamic analysis (IDA). It was conded that the effect of irregularities significantly differs
depending on the irregularity type and intensity of ground motla®3rung et al(2010 investigated
the vertical irregularities specified in the IBC provisioi€C, 2013 in terms ofseismic demands,
capacities and confidence levels. A deformatiased design method for RC irregular frame buildings
was proposed by Kappos and Stefamid2010. The progressive collapsesisting capacities &0
storytilted or twisted buildings werevaluated by Kim and Horn@011). The results indicated that the
progressive collapse potentials of the tilted structure were high when a column was removed from the
tilted side, while the twisted structures had insignificant progressive collapse potéitalg.et al.
(2011 assessed the saiic behavior of transfer story connections for a fiigh building. Test results
indicated that support stiffeners and mechanical connectors are needed in order to achieve more
ductile and reliable seismic behavior of transfer story connections.

Severalprevious studies focused on the impact of irregularitieseismic demands, typically at
certain limit state. Severalffindings weredrawn based on the respomsé¢he elastic and early inelastic
ranges. Such conclusions may ndie valid as inelasticity increases especially when approaching
collapse.Most previous studiealsofocused on low to mediwrise MRFs oron limited case studies
of highrise buildings.A systematic study that involves a group of vekignedhighrise buildings
representing di€rent irregularity features ibereforeneeded. Thebjectiveof the presenstudy is to
assess the seismic safety margins of vertically irreguilgrrise buildings considering geometric
nonlinearity and the inelastic behavior of structural matetidifferent limit statesVariousvertical
irregularities are systematically introduced in a group of-higghbuildings Thebenchmarlstructures
are designeds per modern design codmslthen effectivelyidealizedto assess thegeismicresponse
usingadvanced assessment methodologies under the effect of a wide range of input ground motions.

DESCRIPTION OF BENCHMARK STRUCTURES

Four 50-story RC shear wall buildings are considered in this study to represent the regular and
vertically irregular higkrise buildings. Each building consists of thigssementsa ground story and
46 typical storiesThe referencebuildings (denoted as BREG, B2SST, B3GEO and BBWVST)
represent: (i) regular structures, (ii) stiffness/soft story irregularity, (iii) geomeggularity, and (iv)
discontinuity in lateral strength/weak story irregularitgspectively,as shown in Table .1All
reference buildings have the same layout at the ground and tgpicils as shown in Fig. 1To
effectively representthe irregulaity, B3-GEO and BSNST have different layouts at the three
basements, ashown inFig. 2. According to the design codé&SCE-7, 201Q ICC, 2013, a building
exhibits stiffnessextremesoft story irregularitywhena story lateral stiffnesgS1)is less than 60% of
the stiffnessof the storyabove §), asexplainedin Fig. 3(a) The \erticalgeometric irregularityexists
where the horizontal dimension of the seismic farsgsting system in any story (Li) is more than
130% of that in an adjacent story (las shown in Fig3(b). The extremeweak story iiregularity is
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introducedwhena story lateral strengtfStl) is less than 65% dhe lateral strength (Stor the story
above asdepictedn Fig. 3(c). The three irregularitiediscussedbove andn Fig. 3 are represented in
the reference structures 85T, B3GEO and B4ANST, respectivelyThe shear wall structural system
is employedin all reference buildings. This systemeicientin resisting the lateral loads from wind
and earthquale Table 1 summarizes the main structural characteristics obdlexted reference
structures, whilé-ig. 4 depicts thir configurations.

Table 1. Characteristics of reference structures

Buildin - . Typical Story | Ground Story| Total Height
Referegce Building Irregularity type I)—/|[¢)3ight (m)y Height (m) g (m) ’
B1-REG Regular bilding 3.2 3.2 160
B2-SST Stiffness/soft story irregularity 3.2 6.4 163.2
B3-GEO Geometric irregularity 3.2 3.2 160
B4-WST |discontinuity in lateral strength/weak story irregulal 3.2 3.2 160
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(a) B1-REG, (b) B2-SST, (c) B3GEO, and(d) B4-WST

DESIGN OF BENCHMARK BUILDINGS

Threedimension& (3D) finite element (FE) models are developed for the design of the benchmark
structures using the extended thd#mensional analysis of building system ETABSSI, 201). All
gravity, wind and seismic loads are considered as per AS@E10). The modal response spectrum



analysis (MRSA) is used to calculate the seismic force using the design code spectrum. The MRSA
analysisincludes a sufficient number of modes to account for a combined modal mass participation
more than 90% of the actual mass in each of the two orthogonal horizontal directions. The code
requirements related to different types of irregularities, such as the overstrength factor, are fully
considered during the design processconcrete compresve strength '@), ranging from32 to 48

MPa, is used witha reinforcement yield strength of 460 MPa. The benchmark buildings are designed
and detailed according to the design provisions and construction practices adopted in the study area to
represent wélengineered buildings with diversity in irregularity. Table 2 shows sample of the design
results for B2SST.

S1

St

B s ==

S1 <60%S Li>130% L St1 <60% St
S1: Siffnessof thesoft story Li: Length ofirregular floor Stl: Srengthof weak story
S : Siffnessof thefloor above thesoft story L: Length of the floor above the irregular floo St: Srengthof the floor above theveak story
(@ (b) (©

Figure 3 Definition of irregularities (a) extremesoft story rregularity, (b) vertical geometricrregularity and
(c) extremeweak storyiiregularity
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Figure4. Configuiations of reference structures
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Table 2. Sample design results for the vertical structural members of buildiS§ B2

Floor Floor Floor Floor Floor Floor Floor Floor
no.6 no.11 no.16 no.21 no.26 no.31 no.36 no.41

Shear Wall P3
. 32T40+ 32T32+ 32T20+
VL. reinforcement 80T40 80T40 380T40 68T40 68T40 36T32 36T14 36T14 50T16 50714
T12- T12- T12- T12- T12- T12- T12- T12- T12- T12-
200mm 200mm 200mm 200mm 200mm 200mm 200mm 200mm 200mm 200mm
Pier section (mm x mm)  500x475C 450x475C 450x4750 400x4750 400x4750 350x4750350x475(300x475(300x475C0200x475(
Concrete strength (fc) MP 48 48 40 40 32 32 32 32 32 32
CORE 2

146T12+ 146T12+ 146T12+C€146T16+C 146T16+ 146T16+

Location of section base Floor no.1

HL. reinforcement

VL. Reinforcement 96T40 96T40  6T40  6T32  96T32  96T20 196T12
HL. reinforcement T12- T12- T12- T12- T12- T12- T12-
200mm 200mm 200mm 200mm 200mm 200mm 200mm
Core thickness (m) 300 250 250 200 200 200 200
Core width (mm) 3200 3200 3200 3200 3200 3200 3200
Core length (mm) 7700 7700 7700 7700 7700 7700 7700
Concrete strength (fc) MP 48 48 40 40 32 32 32
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MODELLING APPROACH FOR INELASTIC SIMULATION

Fiberbased(FB) numertcal models are developed to predict the seismic response of the reference
structuregFig. 5). In this modeling approach, each structural member is assembled using three cubic
elasteplastic frame elements capable of representing the spread of inelaswdityn the member
crosssection and along the member len@#inashai eal., 2012. Sections are discretized to steel,
confined and unconfined concrete fibers. The sts&ssn response at each fiber is monitored during
the entiremulti-step analyss. The developed=B assessmemhodels are verified by comparisowith

the dynamic characteristic and elastic response ofRBalesign modelsTable 3summarizeghe

elastic periodef the reference structures foboththe FE and FBmodels It is shown that the peried

from thedetailedFB modelsare slightlylower thanthosefrom the FE design modelsThedifferences

result from theeffective modeling ofeinfordng steel in the concrete sections of the FB models unlike
the case of thé=E modelsIPAs and IDAsare carried outising the FB model® assess the relative
damage ites and safety margins of the reference structures at different performance levels.

Rigid arm

\
Shear wall ’
. , -
Core wall s Shear wall

Concrete mode
Gauss sections

= —gPConcreteand ~—gF ——
steel fibers ,,-"!H
o - E il
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REG SST GEO Cubic elasteplastic frame elements ,«
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Figure 5. Modelling approach of reference structures (a)-Ekusodels (b)geometrical modeling of horizontal
and verticaimembergc) fiber based modeling (d) mat modeling
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Table 3. Firsfive periodsof the reference buildirgfrom finite element{FE) and fiberbase(FB) models

Reference Structure
Period, T B1-REG B2-SST B3-GEO B4-WST
FE FB FE FB FE FB FE FB
T1 4.688 4.540 4.822 4.673 4.603 4.280 5.021 4,978
T2 1.326 1.220 1.368 1.240 1.300 1.204 1.430 1.309
T3 0.629 0.554 0.649 0.531 0.616 0.560 0.708 0.598
T4 0.376 0.359 0.387 0.360 0.444 0.385 0.441 0.399
T5 0.327 0.315 0.335 0.315 0.352 0.346 0.367 0.340

FE: Finite element desigmodebk
FB: Fiberbaseassessmemhodeb

EARTHQUAKE GROUND MOTIONS

This phase of the study involves the selection of a diverse set of input ground motions for the dynamic
response simulationg.he natural arthquake recordare selected toepresent the study are@he

PEER and the European stromgotion databaseare searched to select 40 natural records that
represent two earthquake scenarios recommended for the studjart@aseys et al., 200£Lhiou

and Youngs, 2008 The two scenariogepresentfar-field earthquakesand neassource eventge.g.



Khan et al., 201.3Viwafy et al., 200% Theadopteccriteriafor selecting input grend motions are: (i)
epicentral distance, (i) magnitude, (iii) solass (iv) peak acceleration to velocity ratigv, and (v)

peak ground acceleratid?GA. Fig 6 compares the response spectra of the 40 input ground motions
that represent the two seignscenarios with the design speatfahe study areéor soil classes C and

D. The characteristics of a sample record from each of the selected two sets of input ground motions

are depicted in Fig. 6.
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PERFORMANCE CRITERIA

Studying the structural performance at both the global and local response levels would provide a clear
understanding about the seismic behavior of the strudibeelocal and global seismic response of the
benchmark structures are therefore assessed using inelastic pushover analysis (IPA) and IDA to
provide insights into the performance criteria. The results of these analyses are presented hereafter.
The following definitions oflimit statesare consideredn this study(ASCE-41, 2007: (i) immediate
occupancy (I0) where a minor damage may owdhite the lateral forceesisting elements retain their
initial strength and much of their original ductility, (ii) life safety (LS) which reflects a significant
damage to the laterabifce resisting system but it maintains a large margin against collaps@i,ijand
collapse preventiofCP) which allows for a small margin of safety against collapse during a severe
earthquakeThe interstory drift ration (IDR) is adopted in seismic prmrns and in several previous
studies as the main building damage indicator. RC wall structure, ASGE1 (2007 adopts three
IDR limits (0.5%, 1% and 2%) for the IO, LS and Qferformance levelsrespectively.Less
conservative IDRimits wererecommenddin previousexperimental and analytical studiesshown
in Table 4(Beyer et al., 20085hobarah, 2004_.ehman et al., 201 Fanagiotou et al., 2010

The IDRs corresponding to the first indication m&inforcing steelyielding and confined
concretecrushingare presented in Table 4. These resalésobtained fronthe IPAs and time history
analyses (THAspf the reference structureBhe IDRs corresponding to the fingidication of yield
and collapse, which are estimated from IDAs of the referencetstes, are also presented in Table 4.
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Based on the IDA results, IDRs of 0.49%, 0.48%, 0.51% and 0.44% are adopted as the IO limit state
of BI-REG, B2SST, B3GEO and BANST, respectively. These limit states are consistent thih

values recommended IRSCE 41 (2007) and the study of Lehman et al. (20A3)a result of the
significantly high limit states obtained from IDAs at the CP limit st#te, IDR observedn the
experimental study ofehman et al. (2013 adopted for the regular structure,-REG. This CP

limit state is slightly higher than that adopted by ASCE 41 (2007), while it is slightly conservative
compared withother previous studie#\s a results othe lack of previous experimental studies and
code provisions related to the performanaaitl statesof irregular structures, and due thet
differences in the CP limit statbtained from IPA and THA for the four reference structures, it was
decided toscale theselectedCP limit state for the regular building using the CP thresholds observed
from THA. This process results in IDRs of 2.27%, 2.26%, 2.39% and 1.38% as the CP limit state of
B1-REG, B2SST, B3GEO and BAWST, respectively Finally, the LS limit state, which falls
between the 10 and CP, represents a significant damage sustaitied dtsucture, while it accounts

for a reasonable margin of safety against collapse. This margin is considered 50% of the CP limit state
as per ASCE 41 (2007 able4 summarizes the selected limit statestltd# benchmark structures
based on the results tife present study, previous experimental and analytical studies, and the code
recommended values.

Table 4. Limit states for reference building

Reference Structure
B1-REG \ B2-SST \ B3-GEO [ B4-WST
Limit Statei Interstory Drift (%)
O [Ls]cPlioJLs]cpPlOoLs]cpP]I0LS]cp

Selection Approach

ASCE 4107 0.50 | 1.00 | 2.00
9 ,|Ghobarah, 2004 0.40 | 1.50 | 2.50
2 £L|Beyer et al. (2008) 0.30 2.40
§ Z/Panagiotou et al. (201} 0.35 | 0.89 | 2.36
Lehman et al. (2013) | 0.50 | 1.00 | 2.27
IPA 0.95 2.68 | 0.95 2.62 | 0.95 2.75| 0.74 1.60
3 [THA - 16% 0.61 3.07 | 0.61 3.06 | 0.79 3.23] 0.55 1.86
% [THA-50% 0.70 346 | 0.71 3.44 | 0.92 3.66 | 0.64 2.23
g THA - 84% 0.81 3.89 | 0.82 3.86 | 1.08 4.16 | 0.74 2.69
S |IDA - 16% 0.49 497 | 0.48 4.56 | 0.51 6.08 | 0.44 3.61
© [IDA - 50% 0.60 6.31 | 0.56 5.93 | 0.66 7.61 | 0.56 4.90
IDA - 84% 0.74 8.02 | 0.65 7.71 ] 0.86 9.52 | 0.72 6.67
Selected Limit State 049 ] 114|227]| 048] 113 | 226 | 051 | 1.20| 239 | 0.44 | 0.69 | 1.38

10: Immediate Occupancy, LS: Life Safety, CP: Collapse Prevention

IPA: InelasticPushover Analysiat first indication of yield and comfed concrete crushing

THA: Time History Analysisat first indication of yield and confined concrete crushing

IDA: Incremental Dynamic Analysiat first indication of yield and collapggamvatsikos and Cornell, 2002
*: LS limit state is considered 50% of the CP counterpart

ASSESSMENT OF LOCAL RESPONSE

Local and global performance criteria of the reference structweesoitored during themulti-step
IPA and THA analysesusing posfprocessorsThe following twvo categories ofocal damage are
considered in the current study) formation ofa plastic hingewhich is consideredihen the strain of
the mainreinfordng steel lars reachsthe yield stainof steel, and (ii)crushing of the confinement
concrete which is definedwhen the strain of confined concrete reaeh its ultimate value The
sequences of member yielding and crushing along with the correspondisgofRe benchmark
structures are traced in Fig. The plastic hinge distributienand the IDR corresponding tahe
formation offirst plastichinge for each buildin@gre presented in Fig. 7(d&jor the regular structure,
B1-REG, he results are presented for atlustural members, while the plastic hinge distributions in
vertical structural members aomly shown in other buildings due to tisgynificant contributionof
shear walls and comalls to the lateraforce resisting systemgig. 8(b) depictsthe distributions of
concretecrunchingin vertical structuralelements anthe IDR correspondingo the firstdetection of
crushing for eaclof the reference buildinglt is shown thatthe IDRs corresponohg to the first
indication of hinging and crushingre compaable for BtREG, B2SST and B3GEO, while much



lower IDRs are observed B4-WSST compared with other structuréisis clear that theindesirable
effectsof decreasingstiffness by increasing story height local seismic response of wdksigned
structues aremarginal It is also observed that theeametricirregularity, although increases the
number of plastic hingeand crushing pointat the irregularity level it hasminor effects on the
seismic responsef codeconforming structuresThis conclugins are consistent with those reported in
the literature(e.g. Sarkar et al., 201.00n the other hand, thdsgortinuity in lateral strength/weak
story irregularity(B4-WSST) has significant impagon the local responséhis is clearlyshownform
thedecreasetDRs corresponding tthefirst indications of hinging and crushing

B1-REG B2-SST B3-GEO
B4-WSST

(a) Distributionsof plastic hinges

(b) Distributions of confined concrete crushing

(] IDR atfirst indication of confined concrete crushimgwalls [___| IDR at first indication of yielding

Figure?. Local respnseof the reference buildirggandthe corresponding intestory drift

ASSESSMENT OF GLOBAL RESPONSE

IPA and IDA areperformed using the fibdrased models of the reference structures. [PiAes are
carried out for the transversal direction of the refeeesioucturesas shown in Fig8. Two lateral load
patterns are applied incrementally in a stépe manner, namely a uniform load distribution,
resembling thelateral forces that are proportional with mass, and an inverted triangular load
distribution,representinghe fundamental mode shapéic higher modes significantlgontribute to

the response dfigh rise buildingsMwafy et al. (2006)%tudied the load pattern representing the effect
of the seconanode. The study concluded that thdform loadpatterncan be usetbr multi-story and

high rise building as itprovidesa conservative estimabf the initial stiffness and the lateral capacity.
The uniform lateral load pattern is therefore adoptedstomate the relative lateral capacity of the
reference structurgdwafy and Elnashai, 2001lt is worth mentioning that IPA was not employed in















