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his paper intfroduces a quasi-static method of analysis which circumvents issues generated by
uncertainties in the natural period properties of real building structures. Decisions leading to the
proposal are explained and terminologies clarified.
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INTRODUCTION

A guasi-static method of analysis, which is essentially the

"Code Lateral Force Method”, offers an alternative to the

conventional procedure tfo circumvent issuss generated

by uncertainties in the natural pericd properfies of real
buildings. Eurccode 8 (EC8) (CEN, 2004) makes reference
to the lateral force methed of analysis and the dynamic
mcdal respense spectrum method of analysis. The lateral
force method is essentially a stafic analysis method based
on a pre-determined lateral force which is representative
of the design seismic acticns. The dynamic analysis method
is particularly encouragsed in EC8 and is regarded as the

“"Reference Methed” in view of the availability of commercial

packages pessessing dynamic analysis capability in most

structural design offices in Eurcpe and other advanced
economies in cther parts of the globe.

Static analysis is still permitted by EC8 but stringent pre-
requisites apply as summarised in the following:

i. The fundamental natural pericd of vilration () of the
building does not exceed 47, or 2s whichever is the less,
where T. (the corner pericd of the response spectrum) is
0.3s on rock or stiff soil sites.

ii. Criteria for verticality of the building in elevaticn, or
vertical regularity must be satisfied.

The first criterion is controlled by the AT, {or 1.2s) threshold
cn rock or shiff soil sites. Most buildings of up to 50m in
height (16 storeys) comply with this requirement. In view
of most structures having some form of irregularity to fulfil
architectural and functional reguirements, the second
critericn can be described as very stringsnt and this may
preclude the majority of building structures from design by
static analysis cnly.

Although most dssign offices possess software having
dynamic analysis capability, most undergraduate degres
programs in civil/structural engineering dc not have
substantial coverage on this topic in the core curriculum. The
average enginesring graduate may not have adsquate
knowledge and fraining to review dynamic analysis results
generalted by the computer and have them incorporated in
the calculation of design actions (namely bending mement
and shear ferce) af the member level. Enforcing dynamic
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analysis on structures can be counter-productive when the
underlying principles are not well understcod. A static analysis,
despite its short comings of not allowing for higher mode
effects in a dynamic response, has the merit of being sasy 1o
comprehend by the average structural engineering designer.

The verfical regularity prerequisite in EC8 should be relaxed
in view of recent findings from the literature that buildings with
Tr < 1.5s (which is fulfilled by most buildings with height of up
To B50m, or 16 storeys)y are unlikely to experience any significant
higher mode seffects in their dynamic response 1o earthquake
ground shaking. Analyses that have been reperted to support
This propoesition include buildings possessing mass and stiffness
imregularity in the elevation of the building Gu ef al, 2011;
Fardipour et al, 2011;: Zhu et af, 2007). In Australia (AS 1170.4,
2007; AEES, 2009), dynamic analysis is only required for buildings
excesding 50m (16 storeys) which are found on rock or stiff scil.
In Singapore (NA to S5 EC8, 2013; BC3, 2013), only cne of the
two prerequisites listed in the adbove need to ke fulfilled.

In view of findings reported from the literature and
prerequisites imposed by codss of practices in other areas of
low To moderate seismicily, it is recommended that buildings
of up tc 25m in height be subjected 1o Iateral force analysis
method, irespective of ifs regularity conditions in elevation.

LATERAL FORCE METHOD OF ANALYSIS

The lateral force method of analysis, as stipulated in EC8, entails
the determination of the natural period of vibration, T, using
equation (1a), the determination of the design base shear, Fs,
using equation (1) and the dstermination of lateral forces, F,
applied to individual flcor levels in the building using Eg. (1c).

T = 0.05H ™ where His the building height. (lay
Fo=Sa (T /3m Cr
where S, (T;) is the dssign response spectral accsleration at

period T, and km is the effective mass of the building and &
can ke taken as 85% of the total mass (Clause 4.3.3.2.2(1)P).
A1
Fi=F, W (¢

i

where § is the deflection at floor level i of the building when
subject to the lateral force and m is the floor mass.

While the prescriptive based lateral force method, s
summarised above, appears straight forward, the estimated
lateral actions on the building may be significantly higher than



the cctuol volues, moinly becoee of uncenointies in the notum| pericd properties
of the Buiding concermed. The consersotizrn sterms fiom inconselencies in the
notumil penod wolue coakeukbted by equotion (o) and that repoted by the
computeranchee of the structum| foime rmcdel of the Building. The problern con
ke circumwented by introd using the copocity specturm methed (in o linecr ekostic
cincihys e s=tting which molees uss of the colculkbted stotic: deflection of the Buiding
to infer on cn impreved estirmote of the fundorental notuml pericd of vierction
of the Buiking. The reveed kbitem| forces cnd the comes ponding deflecticn oon
ke significonths kwer thon thot estirnoted by equotions (o) fo (o) Onb stotic
cnchzes are invebed and thess e eosy for the ovemioe stnucturol engineer fo
uncie stoind.

ILLUSTRATION BY A WORKED EXAMPLE

The letemnl| force methed and the copocity spectrum methed (which B orefermed
berein collectively ce the guoeistotic method of conohee) o illetreted in the
following eight-storey Buidking under Molowsion seemic octiore. The reinfoncssd
concete heapitcl buiding (Fioure 1), comespending o Cloee Woimponcnes euel
ond stucted on o flexible soil site @ite perod T; =05 ), meosuss 21.2m = 22.4m
on phn ond stonds ot o height of 28.46m abowve ground. The oteml| fonse eskting
syetermn B contricuted by walkHfoime interocticn. The tyvpical storey height B 3.2m,
tvpicolepan B 7 Am with S00mm = $00mim secondory becre sepamting the 150mm-
thick slobs inte ocne-woy action. The rooin becme cre seed of A00mm = S00mm. The
wictll thickness B 250mm, dirmensicn of mojer columne B A80mm = 800mm, exespt
for the 480rmm = 480rm cormer oolumre ot the bwe winoe, For gty beod, o
supefmpoesd deod lood of 5.2 kPo s estirnoted for partiticns, finehes cond c=lingg,
cind cn overoge e bod of § kPo k odopted (Looi of ol 2015,

Hgwre 1 Egkkstoey BE hospia b wilding

LATERAL FO RC E METHOD
The Lesteral o methed of cncibe e, csstipuloted in BEC8  entails the ceterminction
of the noturnol pefod of vibmticn, T using equaticn (o), the determinaticn of the

cesion boee sheorn f, using eguaticn (1Y ond the deteminoticon of lobe ol forses,

foppled to indviducl flocr levek inthe buikding using eoucticn (1),
Step One: |k ntifying building height (5, cokuloting codified motuml penod of
wibmiticn (T: using equoticn (o) ord colculoting e ponse spectml ocoslerction
(Figyun= 23,

H=28&m

T; =0.05 (25 &)0m =057 o
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Figewe 2 Elasic amd design esponse spechun (@) displaces ent amd ()
aocelke atfor on 8 Rexible Sod Sl (T = 0.5 5 e Hass I building

ST AW g= 03]z« 15515 =021 7. wher W B the impertonce focter (1.6
forCloes Wiond g Bthe behovicur foctor (1.8 proposed in the AL
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Step Two: Findling bose sheor Fe using ecquction (183

Meoiss, m = 78 A82 ton
Fo =0310 (DASNFE 2625 = 198 5683 Ih

Step Three: Defnbuting the bose shear inte equivalent stotic
fonme ot each storey using equation (1) by replocing btenol
disploc=rment (81 with heighte (20 of the moseses, cssuming
fundaormentol moede shope B opproxinnoted By § increceing
with =z i(g=e Toblke 1) The stotic bod should bBe copplied o
tw ofhogonol directicons on plan. The oteral forss methoed
ce reguined by BEC8 B completed ot the point. Anclvse moy
cntinue with the quosistatic methed for o Btoining inmprogved
estimotes.

Glrasi-staic metho d a nalysis

step Four: Structuml ancheis to cbiain the forss of eoch floor
iFo,deplocement af eoch floor (8) (see Tabke 10 ond effect e
dispioc=rnent volue (Fap cre coksuloted using ecucticn (20

Table 3: Fome anmd displaceds end at individial foors inlaleral Y dieobion.

b ECD 2BG 2E:Ta 41ER: 0 TR ORRGED SIROND 450656455
T BRG] 224 1GR.ER]  ITOT &TD %5 BE2IT R RITOADL
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Skep Five: Colulbting effecttee o (Mes ondd imMproses]
estimote of Erponse spectol ocsele mtion (50 fiem equoton

(163
2
N ms Y\ 3185 4828

& G077 foms (33

TN Tmsi ] 166904374
R R 192 637931 .
T ma squwri 7%

Step Six: Colcukbting effectiee stiffness (hap, notuml pedod of
it it T cined S notes NGl s ke ot i n-clisp o rnent dicimir
foerthe Building stroctune.

L =198 A23/0.053 =3747103 K /m

G0 TT
O 1 v A [ B L
A P 7 T

Compored to the esufte obtained frern ETABS (0251 20020
simulctien, the fiet mede shope peried B 021 8 inthe X diection
and w=eoond moedse shope percd is 0779 2 in the Y diection
(Figire 33,
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Step Seve n: Colcukite seizmic dermond and superposs dermond
dicogmim on the oo kemtion-dep oo ment diognor for the
Euilddirgy (Fiours, 45,

T coile :
Frave ave- T oasE""

et o Sl =1
Canym-pnane el

A fneyg et
aasd
Uile " T—08¢

IMILE .__;‘.

b z2a !
g

VLR | Pretce b guaai-s s
AW ol =15

amod i

i / |

1 1 0 A = 50

oty gl

Ao}
Figewre 4 Capacity spectmm fedhod

Step Eight Repeot Step Three with the improved oooumcy
of dermoind.

Fo=0.22n (080748872 = 132,707 kN

Tabke 4l proved e esbin atior amd oisplacen ent at individea! floors in

lake al ¥ dire chior.

& 4700 r28 &3 070 El&
7 S04 &7 n 594 237 476
i SoEd o) E2F 073 2340 423
i L0854 0.3 445,728 19,728 ]
4 10370 nr 411,814 18220 283
3 10400 221 A2 500 13,351 om.7
2 10400 152 182 381 faon 130
1 10400 e £1590 a1 L
SN Ly 3,188 452 147001

Table 3. kierstorey ot mbo checlin e Wairedion

7 Az200 714 e 4.0 0124 o0&
& AzZ00 X 2y 4% 0132 o0&
& Az00 3.8 113 4.8 017e 0s
4q Az00 428 114 ar 017s o0&
a Az00 a1 117 5.8 o1&z o0&
2 Az00 1.4 111 58 (W ) o0&
1 Az200 54 5.4 4.2 0131 05
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Subesouent rigoneus desion bosed on ooseptance criferic for ufimote strenoth
ond domogee limitation e rrice ability ) dift chec ket structuml e mbers sheuid
be comed out oooordingly. An example of domooe limitotion check in the
Y-direction for the hoepital (Cloese W Buiking) & shown in Tobke S ond Fig, 5. The
displorme e nt behowieur fochor (G is ossurmed equol to g ce 1.5, the eduction
forcter (v is foken o8 0.5 (Lom et ol 2018 and the limitetien for inte stoeey o it
mitie for "buidinoe howing ner-etructurl el e nte of bhtte ncte ok attoshed
to the structure” is cssurmed cs 0.5%.

CONC LUSIONS

1. loteml foree methoed of anobte B allewed for buidings of up o 50m (18
stereyel in height and is ,ecormmended o buidings of up to 25m (2 etoneys),
imespect e of the reqularity conditions in ekevation.

Z. Estimctes by the Lotem| Forse method moy be overly coneeriative becnuss
of unc=rainties in the notural pericd propeties of the Building conoemed.

2. The predicted oferl formes and the comespending ceflections moy be
eveed to lower values by applving the copocity spectum methed (in
o linear elostic ancbeis setting which mokes wee of the cokcukbted stotic
ceflection of the buikding te inferan impresgsed estimote of the fundommental
nctuml penoed of vibrotion of the buiking.

4. The Loteml Foroe method ond the Copocity Spectrum method s
collectively dewsrbed os the guoskstatic methed of ancbeis, which B
istmted by an exomple eght-storey buiding.

S It ig shown By exomple thot the bteml fore and deflection dermond
hewe been overptoted by the Loteml Fone methed by o factor of 1.4
appreximoteh.
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Notations
Fo ceEninn bose sheor
ki foite ml forces ot flooer lewe |

H Feioht of Buikling

5T ceEsign depbeement esponss spectiim

5T ebstic deplorse ment Bsponss spectrum

ST cesign eepones s pect ol ook mtion

S Ta) cesign eeponss spectml orcele mtion of pericd T;
5T ebstic horgentol ground orsele mtion nesponse

T fundormental noturl peried of wibmtion
Te firgt cormer periood
o s CrMe T perico
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Ts inificl Iowe-cmnplitude site notuml pencd (note: thie symbel B differsnt
frorm BCA when [ B iefered os the durction of the stoticnon port of the
= EMmic motion)

Ter effective notumrl percd of wibmtion

e depbcement of the some point of the structuml
syeterm, o detemiined by o linecranchse bosed
on the desian responee spectrum

o desion intes oy of hft

fo 8 deplocement of o point of the structuncl syetem
induced by the desion seemic acticon

Yar effect e otiffiess

Mer  effective moes

m; floor miciss of floor Bl

o behorvicur foctor

e flzor heght ot floor leveld

a, deflection af floor ewe ]l

W1 impoitonoe fachsr

A rces cormestion foctor

W reduction factor forinte pho ey dnft linit cseccioted

with the domooe limitaticn reouirenent. [l

REFEREMNC ES

1] AS 11704 2007 Structural Design Actions — Par 4 Earhquake Actions. S@ndards
Fustralia.

] AEES (2009 &% 11704 Commentary: Structiral Design Actions — Part 4 Earthquake
Potions. Waona: Australian Earthquake Engineerng Society.

Bl BC3 (2013) Guidebook for Design of Buildings in Singapore to Design Fequirements in
S5EN-1995-1. Singapore: Building and Construction Authority.

Bl C51 (20037 ETABS Integrated Building Design Sotware Introductory User's Guide.
Computers and Structures, Inc. Berkeley, California, U5AL

fB] CEMz004) EM 1998 1.2004. Eurocode & : Design of Structures for Eathquake Resistance
— Part 1: General Rules, Seismic Actions and Rules for Buildings, European Committes
for Sandardization, Brussells.

E] Fardipour, M., Lumantama, E., Lam, M., Wilson, J., Gad, E. ¢2011). Drift Demand
Predictions in Low to Moderate Seismicity Regions, Austalian Joumal of Structural
Engineerng 11030, 195-206

[F] Lam, M.T.K. (20113, "Use of Spreadsheets for Analyses in Stroctural Engineering”,
Fpplications of Spreadsheets in BEducation: The Amazing Power of a Simple Tool, (Ed.
Sugen, 5. & Kwan, M), Bentham Science Publisher: Chapter 2, 16-40.

Bl Lam, N.T.E. Tzang, H.H., "ilson, J.L., Looi, DT, Hee, M.C. (20167 Performance
criteria and design parameters. JURUTERA the monthly bulletin of the Institution of
Engineers, Malaysia). Januarny [ssue

Bl Looi, DT, Lam, W.T.K., Tsang, H.H., Hee, M.C. (20157 Seismic analwis in the lom
to moderate seismicity negion of Malaysia based anthe draft handbook. Proceedings of
the 10th Pacific Conference on Earthquake Engineenng, 6 - 8 Nowember 2015, Sydney,
Fustralia.

[0] MAte 55 EMN 1993 1. 2013, Singapore Mational Annexto Borocode 8 Design of Structures
©or Earthquake Resistance — Part 1: General Rules, Seismic Actions and Rules for
Building=. Singapore: SPRIMG Singapore.

[11] 5u, R.E.L,Tsang, H.H. and Lam, N.T.K. (2011} Seismic Design of Buildingsin Hong Kang,
Department of Civl Engineering, The University of Hong Kong.

[12] 2hu, ¥, Su, R.E.L.and Zhou, F.L. (2007). Cursory Seismic Orft Assessment for Buildings
in Moderate Seismicity Regions, Earthquake Engineering and Engineering “bration 617,
G5-97 .

January 2015




	Static and dynamic analysis methods_Page_1
	Static and dynamic analysis methods_Page_2
	Static and dynamic analysis methods_Page_3
	Static and dynamic analysis methods_Page_4
	Static and dynamic analysis methods_Page_5

