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ABSTRACT

This paperinvestigates the suitability of trexjual displacement approximatiésr short periodstructures

notingthah i st ori c definitions of what c @heregedarchidantfiess a fAshort p
a new parametefpeak defined as the period ordindte the peak elastic spectral acceleratiorpravide a

lower-bound period for which thequal displacement approximatiomay beappropriate The use of this

parameter is supported by the resultsnefastic spectrand reduction ratiogenerated for SDOF systems

with bilinear and Takeda hysteresis rylesbject toa large suite of grounthotion records.New equations

for strength reduction factosse provideds a function ofpeakandagree well with strength reduction ratios

obtainedrom inelastic spectra fahegroundmotionsetlt i s f oshorteribdbhat uat Gr ed shoul d be
defined as those with periods greater thars@3s for most sites and locationshiew Zealangdat a ground

shaking intensity with annual probability of exceedance of 1 in Ble@studythen goes on to concludeat

use of theequal displacemergpproximationfor all periods may be reasonable, at least for the immediate

future, given that (ijnany buildings ifNew Zealandre likely to have a period of vibration greater thze

short periodlimit, particularly when foundation deformations are consideeed] (ii) recentliterature

suggests that the design ductility currently adopted for ductile short period buildings may be conservative.

Nevertheless fifuture research prompts revisions to ductility and deformation capacity estimagtofor

period buildings, therthe authors advocate for a returnpeeriodbasedrelationships between inelastic and

elastic spectral demands.

https://doi.org/10.5459/bnzsee.1664

INTRODUCTION improved modelling of elastic damping for structures
responding nottinearly, has generally found thequal
o displacement approximatidn underestimate the displacement
Hazard Mode{NSHM) has prompted rexamination of thélZ demands at medium and lopgriods of vibration (see, for

seismic design provisions, NZS 1170.§Standards New example, Miranda and Ruizarcia(2002)and Priestley et al
Zealand 2004a) A Seismic Risk Work GrougSRWG) has (2007F)?. , Furthermore, the irgelastt)o-elastic d>e/mand

been established tproposeupdate to BL/VM1 of the NZ relationship is affected by earthquake magnitude and distance
Building Code through a multiyear project that seeks to as pointe% out by l)\//lirandg(ZOOO) agnd Chopra & '

modernise several NZ standards, including NZS 1170.5 : :
v ' Chintanapakde¢2004) with Tothong& Cornell (2006) and
(2004a) whichis to besupersedeby the release of proposed Stafford et al(2016)advocating the use of inelastic-elastic

Technical Specification (TS) document, TS 11705 1170.5 demand relationshi ; S

. . psuch that inelastic displacement demands
Incorporates the Iatest_NSHM]d |r!c|udes_ an upda_te_d "?ethOd are directly considered within tiirobabilisticSeismic Hazard
for computing the horizontal design action coefficiaritich Analysis (PSHA) methodology

permits the use of thequal displacemempproximatiorfor all
structural periods to relate the inelastic and elastic spectral However,there are a number of factors influencing the overall
demands. This is despite a large amount of literature that seismic risk of buildings and thus, in order to maintain

The recent release of tHdew Zealand (NZNational Seismic

suggests the use of thqual displacement approximatismot consistency with previous loadings standards and for
applicable for short piod structures and can be somewhatnon  simplicity, the SRWG has recommend#t use of thequal
conservative for medium to long periodsstification for the displacement approximatiorat all periods This paper
use of theequal displacement approximatiah all periodss investigates andiscusses the basis of this approach, as well as

examined and alternative approaches for implementing strength a simplified alternative
reduction factors in future code provisions are proposed.

Review of Strength Requirements from NZS 1170.5 (2004)

In NZS 1170.5Standards New Zealand, 2004tk horizontal
Relationshipshetween inelastic and elastic spectral demands design action coefficient provides the required strength (via
have been widely researchéadcluding pioneering works of multiplication with the building weight) of potential plastic
Veletsos & NewmarK1960) as well as more comprehensive  hinge regions in a structur limit inelastic deformation

Review of Research into Inelastic Spectral Demands

studies such as those of Miran8laRuiz-Garcia (2002) and demands to acceptable levels. The coefficient is set as a
Stafford et al.(2016) Early research indicated that tagqual function of the structural ductility factpe, (representative of
displacement approximatiamapplicable for medium and long the ductility capacity), the structural performance fa@grand
period structures whereas ahort period, alternative the elastic spectral acceleration demand at the pefidde
relationships should be adopted, such as the @meaby rule building in the direction considered(T1). A minimum vaue

(Newmark & Hall, 1982)Research conducted over the pasttwo for the design action coefficient is alpoescribed The design
decades, considering a wider range of hysteretic models and

! Tom Francis, Postdoctoral Fellow, University of Canterbury, Christchuwi, francis@canterbury.ac.nz
2 Timothy Sullivan, Professor, University of Canterbury, Christchuiaipthy.sullivan@canterbury.ac.iii@lember)



mailto:tom.francis@canterbury.ac.nz
mailto:timothy.sullivan@canterbury.ac.nz
https://doi.org/10.5459/bnzsee.1664

134

action coefficient is specified INZS 1170.5Standards New
Zealand, 2004&s

c(m)
L &

m

Ci(T) =

wherek: is the structural ductility factor that is a functiortloé
building period in the direction considered, structural
ductility, and site class and is givéor site classes A, B, C and
D as:

k,=m formO 0.7 (2
_(m- 1T, 4 forT1<0.7 s
~ 07

and for site class E as:

k,=m forT1Olsore<15 (3
_(m DT, 4 forTi<lsant O 1
0.7

where T1 need not be taken less than Odecording to
amendment 1 of NZS1170.5 from 2018 is generally
consideredhat the equatnergyrule better represents demands
for short period structurs, with the equal displacement
approximationbeing moreapplicable formedium and long
periods Thisis thereflected inthe formulation oEquatiors (2)
and (3). The commentary of NZS 1170.§Standards New
Zealand, 2004bjotesthatfor periods between 0.35than 0.7
s the formulation provides a n@onservative estimate of the
inelastic responskut also goes on to s#éyat aghere are other
inaccuracies in the derivation of inelastic responsetanae
consistent with other international standattie approach was
deemedsuitablefor the NZS 1170.%2004a)provisions

Strength Requirements in the Proposed TS 1170.5

To further simplify the approach of NZS 117(QStandards
New Zealand, 2004ajhe proposed TS recommends ttie
design action coefficiertte reduced by the inelastic spectrum
scaling factorkm which has been defined in theoposed’'S as
being equal to the structural ductility facter in line with the
equal displacement approximatioifhe equal displacement
approximationis prescribed at all periods of vibratioeven
though the expression is traditionally applied only for medium
and longperiod structuressuch thatthe proposedstructural
ductility factor is given by:

k= m @

The proposed TSlso advocates for the continued use of
Equation(1) to set horizontal design actiomsth reductions
allowed through the use of the structural performance factor
that is a function of the design ductility

EXAMINATION OF STRENGTH REDUCTION
FACTORS RELATIVE TO A PEAK PERIOD
Identification of a Peak Period, Tpeak

Historically, the use of thequal displacement approximation
has been justified fomedium andong periodstructureswith

alternative approaches, such as equal energy, used at short

periods. However, thedefinition of what is afishort period
s t r u éssubjecivéand the current literature, including NZS

1170.5 commentar{Standards New Zealand, 2004&)ggests

there is a transition zone between egemérgy and equal

displacementapproximationwhich adds complication when
seekingsimplistic code implementation procedures.

To identify the period of vibration below which thegual
displacement approximationmight be deemed nen
conservativethis paperdevelo inelastic spectra for sets of
groundmotions recorded at sites with differevidsovalues and
then identified a peaferiod, Tpeak corresponding to the period
at which the maximum spectral acceleratio®,mas occurs
Figure 1 illustrates identification of the peak period from the
elastic acceleration response spectrum of a siggbeind
motion By generating inelastic spectra for a larger set of
groundmotiors and normalizing the period of vibration of each
response spectrum by the peak period (to gifgeay, it is
proposed thalpeakrepresents a reasonable lovb@und limit to
the period from which thequal displacement approximation
should be applied.
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Figure 1: lllustrating the identification of the peak period of
vibration for aground-motion.

Figurelimplies that the inelastic spectealceleratiomlemands
remain relatively constant out to a period correspondifiget@
and then reduce by a factor roughly in agreement witedhal
displacement approximation (with caveats previously
mentioned where research has shownetgal displacement
approximatiorto be nonconservativeeven at medium and long
periodg. Given this observation, a new approach for defining
strength reduction factors is proposet investigatedith the
general equation characterised Hinaarly increasingtrength
reductionfactorfor T < Tpeak and constant reductidactorin
line with theequal displacement approximatitar T OTpeax

ke = for T, OTpeak (5)

m

(71T, ,

peak

for T < Tpeak

The ability of Equation (5) to representobserved reduction
factors from a set of recordggfoundmotions is discussed later
in this papernlong with the suggestions for implementation into
future design provisions.

Numerical Modelling Approach

To evaluate the suitability dfpeakto represent a lower bound
for which theequal displacement approximatianapplicable,
the inelastic spectra softwalldSPECT(Carr, 2016)was used
to generate inelastic spectra for ductility ratpof 1.5, 2, and
4 for a suite ofgroundmotions that cover a range gfound
motioncharacteristics and provide evidence that the usgef



is justified despite variations in site class, rupture distance
(Rup), and earthquake moment magnitudiéw), Two single
degree offreedom (SDOFdscillators thaare commonly used
to represent a wide range of structural typologiese used
Figure 2(a) shows thebi-linear model that is generally
considered to beepresentative of the hysteretic behaviour of
steelor base isolated structurddgure 2(b) shows the Takeda
model(Otani, 1981 )with EmoriSchonbrich(1978)unloading
that is commonly used to represesinforcedconcrete (RC)
structures and bridgedNSPECT generates spectra for a
specific ductility demand byndertakingconsecutivenonlinear
time-history analyses (NLTHA)and iterating the yield force,
Fy, of the SDOF oscillatarntil the target displacement ductility
is achievedvithin a prescribedolerance.
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Figure 2: Hysteretic models adopted for the generation of
inelastic response spectra.

TheNLTHA integration timestep was set to be 1/10 times the
time-step of theinput groundmotion with 5% equivalent
viscous damping modelled using tbenstant secardamping
approach(ICTYPE = 6 in Ruaumoko, Carr 20230 strength
degradation was modelle@he hysteretic parameters required
to fully define the hysteretic models are showmaflel which

135

align with the values proposed by Stafford e{2016)for the
bi-linear and Takeda hysteresis rul&he postyield stiffness
ratio, r, was taken as 0.05 for both models with the unloading

parameter, alpha, and reloading parameter, beta, the only

additional parameters needed to fully define the Takeda
hysteresis rule.

Table1: Hysteretic parameters used to define the models in

Figure 2.
Hysteretic Model Parameters
Bi-linear r=0.05
Takeda r=0.05U0=0.5b=0.0

Ground-Motion Selection

Groundmotiors were selectedfrom the Pacific Earthquake
Engineering Research Ceri s ( PEER) Next
Attenuation (NGA) West 2 databassix sets of81 to 100
groundmotiors consistent witeach othe proposed TS 1170.5
site classifications, il VI, were considere@hile site class VI

was omitted due to the rarity of such sites and the necessity for

sitespecific hazard assessments for extremely soft soil
conditions Where more than 100 applicaldeoundmotiors

were available in the data base, they were selected in ascending

order of Record Sequence Number (RSS8ije class binsas a
function of Vs3o are outlined inTable 2 and align with the
values provided in the propos&8 (Lee et al., 2024)Ground
motiors were takemsrecordedvith no scaling or rotatingnd
each orthogonal, horizontal component was analysed
individually. Figure 4 outlines the rupture distanéemoment
magnitude relationships as a function of site class and faulting
mechanism for allgroundmotion recordsselected. A wide
range of magnitudes and rupture distaneaswell as several
different faulting mechanismsre represented for each site
class binThe intent of this research is thereforexamine the
suitability of selectingTpeak @s a lower bound fothe equal
displacementapproximationfor a broad range ofround
motions instead of critically examining how faulting
mechanisms rupture distance, magnitude, or hysteretic
behaviourimpact reduction ratios which has already been
reportedin the literature(Chopra & Chintanapakdee, 2004;
Miranda, 2000)

Table2: Proposed TS 1170.5 site classifications and
corresponding ¥ 3orange.

Site Classification Vszorange (m/s)

| 75071 2000
Il 4507 750
Il 30071 450
\ 25071 300
\% 2007 250
Vi 1507 200

Ge
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Figure 3: Rupturedistanceand moment magnitude as a function of site class and faulting mechanism forsilectedyround-

INELASTIC SPECTRA RESULTS

The elastic and inelastic spectra generated UBIBECTare
shown inFigure 4 and Figure 5 for the bilinear and Takeda
hysteresis models respectivelyr a ductility ratio ofe = 4. The
spectravere normalised byPGAto highlightthe spectral shape
and allow comparison between recorddoreover, median
spectra were computed for both the elaatid inelastic set of

motions.

directly from the NSHMNormal buildings are, however, not
expected to have very short periods, as discussed later.

The results in Figures 4 and 5 indicate that ciéssification
has a limited impact on the appropriateness of the equal
displacement assumption. However, it can generally be seen
that for the soft soil classes of V and VI the rule is &g&able
compared to firmer sites, il IV. Similar trendswere also
observed for ductility ratios of 1.5 and 2. However, to maintain

results. The median elastic spectrum was then divided by the
ductility ratio to represent the inelastic demands that would be
expected when applying tlegual displacement approximation

at all periods, asonsideredy the SRWG irthe proposedsS.
Comparison of the predicted inelastic demand usingthual
displacement approximatiowith the actual median of the

inelastic spectra appears to indicate that for longer periods (i.e.,

T greater than one second)he equal displacement
approximation is reasonable regardless of site classification.
This result agrees well with the literature. However, for shorter
periods, theequal displacement approximatigasults in an
underrepresentation of the demanaih increasingly non
conservative results as thperiod tends towards zero. At a
period ordinate of = 0 s, the proposed TS appears to indicate
that the PGA is reduced by the ductility factohut such
structures should be designed using the unfact®€dh

conciseness the figures are not reproduced in this paper.

To examine the spectral shape more closéigure 4 is
reproduced irFigure6 with the xaxisnormalisedwith respect

to Tpeak Again, the median elastic and inelastic spectra are
plotted for a ductility ratice = 4. Furthermore, the predicted
inelastic demands considering thequal displacement
approximationand Equatiorn(5) are compared. It can be seen
that theequal displacement approximatiappears t@rovide a
non-conservative strength estimate compared to the median
inelastic spectra. In comparisoEquation (5) reasonably
predicts the demands and, importantly, reflects that as the
period tends towards zero, telasticdemands tend towards
the PGA directly obtainedfrom the NSHMuniform hazard
spectra (UHS)
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Figure 4: Elastic and inelastic spectra generated from theund-motion set for all site classes considering the bilinear hysteresis
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Figure 5: Elastic and inelastic spectra generated from theund-motion set for all site classes considering the Takeda hysteresis
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Figure 6: Elastic and inelastic spectra generated from th@und-motion set for all site classes with period normalised kygak
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FORCE REDUCTION FACTORS

Median Reduction Factors

Another approach for considering tinelastic spectrdata is to
compute forcereductionfactorsthat represent theelasticto
inelastic spectra raticfor eachgroundmotion The resulting
force reduction factorgor individual recordsare shown in
Figure 7 to Figure 9. Additionally, for a given site class
ductility ratio, and hysteretic modehe mediarforcereduction
factor, d, was computedby obtaining the mediamalueof data
bins with abin width corresponding to the square root of the
total number off /Tpeakratios consideretbr all ground motions

in the site class sethe bin width wasfixed to 0.2 for T/Tpeak<

range of interest arountheak The median reduction factis
compared to the proposed TS reductiactor (i.e., ke = €) in
Figure7 andFigure8, for u = 4 forall TS site classes and the
bilinear and Takeda hysteresis rules respectiviglg proposed
TS reductiorfactorappearso be reasonabler periodsgreater
thanTpeakbut isnon-conservative for short periodehemedian
reductionfactor appears to align well with Equati¢h) which
suggestsTpeak IS @ suitable parameter for defining what
constitutes a short perias$ evidenced by the abrupt change in
slope of the median inelastic spectra at e ordinate.
FurthermoreFigure9 evaluateseductionfactors as a function
of ductility for the bilinear and Takeda hysteretic mod€lss
highlights that Equation (5) provides a reasonable
representation of inelastic demarfds a range of site classes,

2 so that a consistent bin spacing was enforced in the period pysteretic models and ductility demands.
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Figure 7: Reductionfactors generated for the bilinear hysteresis rule and ductility demand of p = 4 for all site classes.



Site Class I: Takeda, p =4
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Figure 8: Reductionfactors generated for the Takeda hysteresis rule and ductility demand of p = 4 for all site classes

Figure 9 shows that as ductility demands increase, the equal b= gy« (6)
displacement rule becomes increasingly-oonservative, but

the rule is simple and has been in use for some time. As such, where IrK represents the logarithm of the set of reduction ratios
Equation(5) is considered to provide a convenient approach for for a given bin, and is the standard deviation. The lognormal
code implementation as only one equation is required to define dispersion is shown ifrigure 10 for (a) the bilinear and (b)
the strength reduction factor for a range of building types and Takeda hysteresis rules for all site classes as a function of the
soil conditions. T/Tpeakratio. No obvious trends were observed for dispersion as
a function of site class and so grouping was done by ductility
ratio and hysteretic model only. In general, dispersion is greater
for higher ductility ratios but remains relatively constant for
periods greater thafpeak.

Reduction Factor Variability

It is important to note the significant variability of design forces
obtained using the equal displacement approximation. To
assess this variability, the lognormal dispersion of the force
reduction factors in each bin was computed using:
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Considering the previously obtained dispersimrthe 16" and reasonable with the 68% CI reduction factors enveloping the TS
84" percentile reduction factors are givendsy” and ge’ 1170.5 equation. However, consider reduction ratios associated
respectively, wheref represents the median force reduction With a ductility factoru = 4 for the Takeda hysteresis rule at a
factor for the binFigure 7to Figure9 plot the 16 and 84 location characterised by site class Vi (i.e., bottight subplot
percentile reduction factors (i.e., the 68% confidence interval Of Figure8). In this case, the Y6percentile force reduction

(Cl)). In general, the equal displacement approximation is factor is around two, meaning the equal displacement
approximation can result in an error up to 100% for the 68% CI.

Figure 9: Reductionfactors generated for site class Il as a function of ductility demand.






