The

University

yo, Of
Sheffield.

This is a repository copy of Direct displacement-based seismic design of flexible-base
structures subjected to pulse-like ground motions.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/130469/

Version: Accepted Version

Article:

Lu, Y., Hajirasouliha, I. and Marshall, A.M. (2018) Direct displacement-based seismic
design of flexible-base structures subjected to pulse-like ground motions. Engineering
Structures, 168. pp. 276-289. ISSN 0141-0296

https://doi.org/10.1016/j.engstruct.2018.04.079

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Direct displacement-based seismic design of flexible-base

structures subjected to pulse-like ground motions

Yang LU, Iman Hajirasouling Alec M. Marshalft

1College of Architecture and EnvironmeBtchuan UniversityP RC
°Department of Civil & Structural Engineering, The University of Sheffield, UK
SDepartment of Civil Engineering, University of Nottingham, UK
*Corresponding Author: E-mail: yang.lu@scu.edu.cn

ABSTRACT
In this paper, a practical displacement-based framework is presented for seismimtiéisighle-base structures in
near-fault regions. Particular attention is given to pulse-like motions that mag simificant damage to building
structures. The proposed design methodology utilises displacement respensea spnstructed using a new
procedure, which takes into account the effect of pulse period. An equivalenbéigedsingle-degres-freedom
oscillator is adopted to capture the salient features of an actual soil-structure intgf@8tijpsystem in order to
facilitate the design process. Two stepstep direct-displacement based design (DDBD) procedures based on
compatible inelastic spectra and equivalent linearisation are introdlibedeffectiveness of the stated design
procedures is examined using results of nonlinear response historysaohlyg example SSI systems subjected to
set of sixteen spectrum-compatible near-fault pulse-like ground motionge3tiksof this study suggest that the
procedure based on inelastic design spectra, in general, provides a better desigm thalatiosing an elastic
linearisation method, especially when structures are designed with a higher ductility demand.

Key words: Direct-displacement based design; soil-structure interaction; velocity peésefault ground motion;
inelastic spectra

1. INTRODUCTION
Structures located near causative faults are prone to extensive damaigagrearthquakes, especially when

ground motions contain distinguishable pulses whose periods areclbsse of the buildings. A well-known
phenomenon that may lead to velocity pulses is‘thevard directivity” effect due to the propagation of fault
rupture at a velocity close tbe local site shear wave velocity. Compared to far-field ground matiatuild
up energy more gradually within structurdlese pulse-like motions (e.g. the fault-normal components of
ground motions) can expose structures to high input energy la¢dimning of shaking [1]. Note that in addition
to the velocity pulses, high-frequency components of near-fault dnmations may also cause adverse effects
on short stiff structures [2,3].

The effects of pulse-like motions on building response have diadied by a number of researchévi
and Krawinkler [4] demonstrated that the storey shear force distribwitbim a 20-storey moment-resisting
steel frame varied significantly with the pulse perigd(iTe. duration of the distinct ground velocity pulse). In
their study, the pulse period was defined based on three mathemaqtiead-svave acceleration pulses that
represented a set of 15 near-fault earthquake records. Akkar[&} sthowed that the maximum inter-storey
drift ratio of steel frame systems exhibited noticeably éiglalues when the fundamental period of the building
Ts approached the pulse perio@, Which was measured directly from the ground velocity time series. T
results of the stated studies were confirmed by Kalkan and Kunnaliy [&]lising sinusoidal wave shapes to
simulate pulse-like motions. Baker [7] developed a method to identifyestndct pulses in near-fault ground
motions by decomposing velocity time series into wavelets. He suggeatefitiie largest extracted velocity
pulse in a ground motiois “large” enough compared to the remaining motion, the ground motion is classified
as pulse-like, and the associated pseudo-period is regarded as the pulseUsargpdhe pulse-like motions
identified by Baker [7] Champion and Liel [8] showed that buildings may have a suitgriower collapse
capacity to pulse-like motions (especially whefirg<0.5)) when compared to their collapse resistance to far-
field motions. The results of their study indicated that this phenonmismoare prominent for ductile buildings.

While the above mentioned studies were restricted to fixed-base buildings, éli&newn that soil-
structure interaction (SSI) may have a pronounced effect on the sgierfacmance of buildingf9-13]. SSI
can change the response of a building by altering the foundation impionrand the dynamic properties of the



interacting system. The former could even occur for masslessidtions without the presence of any
superstructure, referred to as the “kinematic interaction”, where a stiff foundation cannot follow the pattern of
free-field motion.The latter is a direct result of the “inertial interaction” where a shaking superstructure
dissipates seismic energy into its foundation through soil deformatiowarelradiation, which, in turn, affects
the vibration of the structure. More recently, the effects of pulseriktions on flexible-base structures have
received considerable attention (e.g.-{14)]). Similar to the observations stated earlier for fixed-base structures,
these studies in general showed a strong dependence of seismic respitmsbl@fbase structures on the
fundamental period of the interacting systemrElative to the pulse period16,17].

Although much work has been devoted to the investigation of the effeptdse-like records on fixed and
flexible-base buildings, less effort has been madé¢he development of a comprehensive design framework
that includes these effects [19,20]. Procedures for seismic desipsessmertf flexible-base structures have
been proposed by a number of researchers?B]1 but as yet few studies have introduced the combined SSI and
pulse effects in the design process. SSI procedures in current sgiemigions and standards (e.g. [26,27]) for
design of new buildings adopt a force-based approach which does regsatle effects of velocity pulses. This
study attempts to incorporate, for the first time, the effects of-faeét pulse motioninto a practical direct
displacement-based design (DDBD) procedure for seismic design of fleribdestructures. Note that not all
near-fault ground motions exhibit intensive velocity pulses wiaich also not necessarily due to forward-
directivity (it depends on the position of the site and its orientation oesiteelative to the fault plane). The
current work deals with near-fault impulsive motions without permiageund displacements. The proposed
design procedure is suitable for buildings supported by raft foundatian are bonded to a homogeneous soll
half-space (i.e. for relatively heavy buildings on softer soifejundation input motion is assumed to be due to
coherent vertically propagating shear waves, in which case kinematic interaiftiots are not present. Soll
nonlinearity is approximated using equivalent-linear shear medahd damping ratio values that are
compatible with the strain levels associated with the design scenario.

The paper is organised into five main parts (sectiofy Section 2 suggestsnovel methodo construct
compatible design response spectra for near-fault earthquakes whichtadooithe pulse period. Section 3
describes a practical approach for substituting an actual SSI system hyialesq fixed-base single-degree-
of-freedom (SDOF) oscillator. Section 4 integrates methods introduced in sectiamd 2 into a DDBD
framework considering botBSI and near-fault pulse effects. Two stepstep design procedures based on
respectively, inelastic displacement spectra and equivalent linearisation aredbentgd in Section 4, with
their effectiveness verified and compared using results of responsgy ldsalysis for two design examples.
Finally, the applicability of the proposed design methodolsggliscussed in Section 5 and conclusions are
provided in Section 6.

2. DESIGN RESPONSE SPECTRUM

2.1 Bi-normalised response spectrum
Currenty the seismic design of new structures (or evaluation of existingfstes) is usually based ardesign
response spectrum, whiéh representative of the response of a series of SDOF oscillators subjected to an
ensemble of ground motions. The design response spectrulveaiermined empiricallpy averaging the
individual response speatrcorresponding toead ground motion in the ensemble with peak response
parameters (i.e. acceleration, relative velocity or relative displacement) normalitieel doyrresponding peak
ground values (i.e. peak ground acceleration (PGA), peak gralocity (PGV) and peak ground displacement
(PGD)). However, the response spectra of real earthquake recoraléy aghibit peaks at predominant periods
(Tg) that may vary significantly from one record to another. Fdseplike motions, ¥ is a predominant period
around which spectral shapes can be much different from thossutvithpulsive characteristics [19]. Previous
studies showed that code-specified spectral shapes based on averagedusipectvarious ground motion
records failed to reflect realistic spectral ordinates at around predominant p&rods, may lead to non-
conservative design solutions (e.g. reduced spectral accelerations dataoal averaging) [2&82].

We may define Ja Tgv and Tye asthe predominant periodd) at which the pseudo spectral acceleration
(PSA), pseudo spectral relative velocity (PSV), and spectral relative displacemeratg@iD}their maximum
values, respectivelyhe spectral values are related to one another by the following relatRjns [3

PSA= PS\/(zT—”j = SE{ZT—HJZ 1)



where T is the natural period of the vibrating system. Normalising thégtated predominant periodg s
been shown to produce more realistic design spéetfared to as the “bi-normalised spectra” [30]) than the
conventional normalised response spectra for near-fault regior29[28]. The idea of such an approach is to
preserve the peaks that exist in the individual response spétiteapredominant period,TA common practice
to develop a bi-normalised design response spectrum is to fit the desiginusp to the statistical mean
spectrum through a least-square analysis. The mean spectrumally wbtained using a large number of
ground motion records with the stated normalisation methods31328For example, Maniatakis and Spyrakos
[28] derived such a bi-normalised displacement response spectrum (i.&30EP T/Tyq) as a more accurate
means of estimating design displacement demands of structures locagzat-fault regions, compared with the
current code spectrum. However, as pointed out by Malhotra [34] aetl2{u[35], the response spectrum of a
real earthquake record usually only correlates well with P&V and PGD in the short, intermediate and
long-period regions, respectivelyn this sensea bi-normalised displacement spectrum obtained by averaging
SD/PGD for a large number of earthquake records may not be reliableddctimg the maximum displacement
of short and intermediate-period structural systems (i.e. those withydf, which is crucial for direct
displacement-based design procedures utilising displacement spectra.

It is a simple matter to show that the pseudo-acceleration calculated usMgrttaakis and Spyrakos [28]
displacement spectrum tends to infinity for near-rigid syst@rih is contradictory to the fact that the PSA of
short-period systems should be close to PGA. A possible solutitr timcompatibility between SD and PSA
may be in using the Newmark-Hall spectrum [36] based on scaling apactinates from PGA, PGV and PGD.
The next subsection adopts the Newmark and Hall procedure to suggestimpatible design response spectra
for near-fault sites that can efficiently retain the spectral peaks

2.2 Compatible response spectrum

Figure 1(a) illustrates the suggested compatible design response spectrum constradteot-avay logarithmic
chart. Note that values of PSV, PSA and SD are read along the vedialand +45°%xes, respectively, on a
log scale. The spectral ordinates at control points a-e are scaled frongrpeaki parameters by various
amplification factorsat the corresponding control periods Te. It is assumed thd®SA=PGA and SD=PGD for
T<Taand T>Te, respectively. Periods,ITc and Ty correspond to the predominant periods Ty and Ty at
which peak ordinates of PSA, PSV and SD are scaled from PGA, PGV anty&hplification factorsia, o
and ag, respectively. The design pseudo-velocity spectrum is constructed bgotimgnstraight lines between
the control points on the four-way logarithmic chart, while the pseuddeaatien and the displacement spectra
are derived from PSV using Equation (1).
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Figure 1. (a) Suggested design response spectrum plotted on tripartite logarimn{e>a@mple presented for
Chi-Chi earthquake in 1999, considering a 5% damping ratio);mrabmparisons of the proposed and the
actual response spectra.



Figure 1(b) shows that the response spectra obtained using the propetbed compare well with the
actual spectra. Particularly, the peak responses are very well captured mptieedrspectra. As will be shown
in the next subsection, compared with the conventional Newmark-Hatrspe[36], the new proposed design
spectra explicitly take into account the pulse periedafd can capture the spectral peaks that may vary
significantly from one seismic event to another.

2.3 Construction of compatible design spectra

In order to apply the suggested compatible spectra in design practice, the Y@leak ground motion (PGA,

PGV and PGD), control periods £T¢) and spectral amplification factoras( av andag) should be determined

as illustrated in Figure.For seismic design of structures in near-fault regithresstated spectral parameters are
mainly a function of the earthquake moment magnituge e closest distance to the fault rupture R, and the
site soil condition (i.e. [29,3B9]). This section summarises empirical relations of the spectral parameters that
were adopted to construct the design spectra in this study. These selatom developed by different
researchers based on statistical analyses, and the meanofatueparameters in those analyses were used in
this study unless stated otherwise. Note that the proposed displadsmedtdesign methodology is general,
and any design response spectrum can be easily adopted.
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Figure 2. Schematic showing the construction of the design spectra.

2.3.1 Peak grouhmotion parameters
Due to the lack of prediction models for peak impulsive ground matitime literature, the current study adopts
the attenuation relationship developed by Tromans and Bommer [37]:

lbg(PGP=C, +C,M, +C, log(,/Fe2 +R )+ C,S, + CS, + 0P (2
where PGP is the peak ground motion paramete? G4, PGV, PGD, Ms is the surface wave magnitude; S
and S are variables relating to site soil condition; Cy, Cs, Ca, Cs and hy are coefficients provided in [37¢
is the standard deviation (std) of log(PGP) while P equals zero and maspectively, for the mean and the
mean+ std values of log(PGRote that the moment magnitudesMand the surface wave magnitude bfe
interchangeable fof<Ms<8 (e.g. [40,41]), whereas for lower values of,Mmpirical relations can be used to
convert Msto Mw [42].

2.3.2 Control spectral periods

For near-fault pulse-like motions, the predominant periods at wipiettral peaks occur have been shown to
correlate well with the pulse perioc.TTherefore, a convenient way to determine the control periods is to link
them to &, which is mainly a function of the earthquake magnitude (e,89[29,39]):

IN(T,)= X, + X,M,, 3)



The values of X (-8.6 for rock sites and -5.6 for soil sites) angl(X.32 for rock sites and 0.93 for soil sites)
suggested by Bray and Rodriguez-Marek [39] were used hereté¢omdne b. It has been shown that the
predominant period for PSV (i.eg/FT¢), in most cases is lower than the pulse perip@i743]. Therefore, v
was reduced fromglthrough factors of 0.78 and 0.93 for rock and soil sitesentisely, as suggestdsy Xu et

al. [43]. In this study, the spectral predominant period for SE, Was considered to be equal to the pulse
period Tr according to Maniatakis and Spyrakos [ZR}e spectral predominant periog.Tor PSA(Tyin Figure

1) was estimated using the empirical expression proposed by Rathjg3éi:al.

Ta=Y, +Y,(M,, ~6)+ YR (4)
where coefficients Yto Yz are dependent on the site condition. The control peridsd T were assumed to
be 0.004F and 107, respectively, which are in accordance with those suggested in Mavreelis[29]. It
should be mentioned that the suggested design spectrum is close to gnepmsed by Mavroeidis et al. [29]
based on a statistical analysis of bi-normalised pseudo-velocity sge8WaRGV vs. T/F) obtained from the
records of 20 seismic events. However, unlike the Mavroeidis et28]. g§pectra whose control periods
(normalised by ¥) were determined by matching thdesign spectra to the mean bi-normalised pseudo-velocity
spectra obtained from the statistical analysisTdin the present study have clear physical meanings as they
correspond to spectral peaks.

Figure 3 shows that the adopted spectral predominant periods proposed in temeaftioned studies
(highlighted by dashed lines) are generally in the same range as the peribds suggested by Mavroeidis et
al. [29] (highlighted by solid lines and shaded areas). However, asskst earlieithe control period§Ty-Tq)
in Mavroeidis et al. [29] were determined from the averaged biaead PSV and may not correspond to the
actual spectral peaks.
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Figure 3. Variation of the normalised control periodgT#, TJdTeand To/Te) with earthquake magnitudeyM
closest distance to fault rupture plane R, and site condition.

2.3.3 Spectral amplification factors
Spectral amplification factors are required to scale peak ground paramelters@atrésponding control periods.
Since increasing damping reduces peak structural responses atttese $hould also be a function of damping
ratio &, as shown in Equation (5)
o, (T, &)= (T, 5%)18,(T, &) 5)

where i=a, v and d represent quantities associated with PSA, PSV and SD, regpéttilvisl study, the values
of 0ta(T4a,5%), awn(Tgv,5%) andoa(Tga,5%) were takems 3.5, 2.8 and 2.4, respectively, according to references
[28,30,31]. The term 8s adamping correction factor defined as:

BT, ) ST, 5%) PSMT,, 5%) PSAT,, 5%) (6)

gv’ ga’

SD(T,.¢)  PSMT,.&)  PSAT,..¢)

For near-fault earthquake motions, Hubbard and Mavroeidis [4#jested damping correction factors that
explicitly include the effect of the pulse period Flowever, these factors may significantly underestimateB




T/Te<0.5 that coincides with the range of Te for soil sites [44] Therefore, in this study the expressaiBy
proposed by Hatzigeorgiou [45] for near-fault motion was used:

By(T.¢)={1+(¢ —5)-1- 0301 (¢) + 002N ()] [ 0.09+ 0.01n(T)+ 0.01(n (T)? ]} @)
wherel=10C is the damping ratio in percentage. Figure 4 illustrates the pseudo-accelerdtitispdacement
spectra derived using the suggested procedure for structures locatedibsita one kilometre away from the
rupture faultof an My 6.5 earthquake.
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Figure 4 Proposed response spectra for various damping ratios: (a) psetgleration spectra and (b)
displacement spectra.

2.3.4 Inelastic design spectra

Inelastic design response spectra can be developed by applying modificatios factibreir elastic
counterparts. For example, the inelastic spectral acceleration values be obtainedirtyy ttheir elastic values
by a ductility reduction factor Hor given ductility ratios ofu. The inelastic displacement spectrum can be
calculated by multiplying the corresponding elastic SD by an inelastic displacetier@.r which equalgv/R,
for an elastic-perfectly plastic restoring force-deformation hysteretic belta@o et al. [46] evaluated the
accuracy of several empirical relations fox &d demonstrated that the following expression proposed by
Ordaz and Pérez-Rocha [47] was the most suitable model for near-fdiolh $n

R, =1+[%)ﬂ(y—l), B = 0388y —1)*" (8)

Applying Equations (8) to the 5% damped displacement spectrungune(b), the corresponding ductility
reduction factors and inelastic displacement ratios are presented in Figure 3hdtidtee peaks and valleys
respectively in Rand G spectra occur at the pulse periag Which agrees with the results in references-[48
50]. It is worth mentioning that the inelastic spectra constructed byiggested procedure are compatible with
their original design elastic spectra, since the modification factoe®@RG are functions of SD. As a result, the
dependence of the inelastic spectra on damping is automatically accourttgdifimg the damping-dependent
SD. This is in sharp contrast to the common inelastic spectra (usuallfdatabping) constructed using
smooth R and G spectra that may be incompatible with the design elastic spectra, as indicksgthb[51]

It should be noted that the compatible speutdescribed in this section was constructed using existing
empirical prediction models for ground motions and spectral shapes. Whilsutfuested procedure is
conceptually a better alternative to the conventional bi-normalised response spewtraye limitations to the
proposed compatible response spectrum, which are discussed in detail in ection
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Figure 5. Constant-ductility spectra (5% damping) obtained using Eqgsiti@rand (1) with SD in Figure
4(b): (a) ductility reduction factors and (b) inelastic displacement ratios.

3. SOIL-STRUCTURE INTERACTION

3.1 SSl in current seismic design standards and provisions

While SSI procedures in current seismic standards and provisions foratemland retrofit of existing
buildings adopts a displacement-based approach [52,53], those fan désigw building are still force-based
[26,27]. ASCE 716 [27] starts its design by substituting a superstructure by an SDOF osciflptesenting its
fundamental mode of vibration and replacing the foundation stiffnébssprings of a sway-rocking model
shown in Figure 6(a). Structural yielding is considered by reducingléstic base shear using the response
modification coefficient (=R for an elastic-perfectly plastic model) as if the superstructure is ifixedse. The
effects of soil-structure interaction is accounted for by imposingtheiureduction to the design base shear of
the yielding structure in accordance with a period lengtheningxatial a system damping ratigi given by:

Ea= A+ - A2)E, + & ©)

where &s is the structural linear viscous damping ratig, the soil hysteretic damping ratio arl the
contribution of foundation radiation damping, and the period lengigematios are calculated by:

T .
ﬂeq — ssieq — 1+i(/12 _l) (10)
Ts,eq Hs
2
a=tsi_ ke KM (11)
Ts kh ke

where H is the height of the SDOF superstructugekqk and k are stiffness coefficients corresponding to the
structure lateral, foundation swaying, and rocking motion&sd@ipts “s” and “ssi” are used to represent
guantities associated with the fixed-base structure and the SSI system, regp@detuees 6(a)-(b)), whereas
the subscript “eq” denotes quantities of the vibrating system at its degraded states in response to itaumax
displacements, shown in Figure 6(c).

An issue with the stated procedures is that the strength reduction diractaral yielding was treated
independently without considering SSI, which, however, may lead twonearvative results [10,25]. Although
ASCE 746 [27] provides an upper bound reduction for the design base dmeaestlting design solutions can
be unsafe [54]Compared to the conventional force-based design philosophy, the dingleiceiment-based
design (DDBD) has been shown as a more rational approach, since it uses mspiademands (which are
directly related to structural and non-structural damage) as the main gasigneters [55]t is challenging to
directly use Equation (9) in a displacement-based SSI proceduledign because the radiation damping term
& is frequency-dependent. This means that calculatiofsspfequires the knowledge of elastic fundamental
periods of both the superstructurg dnd the SSI systemss which are two unknowns that need to be
determined, as opposed to a force-based design (or a displacement-based ®vatoatdure that starts from
a known initial period value. The following subsection presents equivéibead-base SDOF (EFSDOF)
oscillators that are suitable for displacement-based design of flexible-basedastuctu
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Figure 6. Simplified SSI models: (a) Sway-rocking model, (b) nealifteEFSDOF oscillator, and (c) linear
EFSDOF oscillator.

3.2 EFSDOF oscillators
This study is focused on surface foundations (having an &euivradius r) that are assumed to be rigid and
bonded to a homogeneous soil half-space (i.e. for relatively Hmaldings on softer soils) having an effective
shear wave velocitysva mass density, and a Poisson’s ratio v of 0.4 for preliminary design purposes [53]. In
order to facilitate design process, a number of dimensionless demigmeiers are introduced, including
structureto-soil stiffness ratio @2rxH/(Tsvs), slenderness ratio of the building s=H/r, and structosssil mass
ratio m=M/(pHr?) with M being the mass of the SDOF superstructure which is ten timesf ttat foundation
[53].

An SSI system can be replaced by either a nonlinear EFSDOF oscillator (RigDreléaracterised bysd,
&ssi andpssi, or a linear EFSDOF oscillator (Figure 6(c)) having a period @fsgand an equivalent viscous
damping ratio of &ssieq €ncapsulating energy dissipation by all mechanisms that occur upogxpleeted
degraded state of the system. Both oscillators share the identicand &ssi when the SSI systems they
represent are purely elastic. Using the dimensionless parameters, EdLBtian(be written as:

Tssi 1 9s | o
A==8- 14| —+—|a5m 1
R .
wherenn andne are dynamic modification factors for knd k, respectively, associated with the equivalent
natural frequency of the systergiBs follows #9:

0327y + 0278+ 00132 ,
w+16y7+064° 13

2nr -1
= x:,/*"T, p =\ [1+4¢7

Note that Tsi exists on both sides of Equation (12) and can be solved iteratively
Following Equation (9), the elastic system damping r&tidakes the following functional form:

7, =1-062yy, 1n,=1

7/:

é:ssi = /1_355 + (/12 _1)§9 + éz' 14)
whereé, can be approximated using the following closed-form expressions:
g =(1-27f"m/ f(sm), f(sm)=[0.38In(m)+142]s* +In(2s)m+ 08)+13 (15
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where f(sin) was derived in this study through a least-square analysissagianresults of the exact solution
developed by Maravas et al. [56] obtained iteratively using the Veletsogeabid impedance functions [57].
Equation (15) takes into account the frequency-dependent nature of radatiping and is valid focommon
building structures witt0.3<m<0.7 and0.5<s<4. Figure 7 compares the foundation radiation damping ratios
calculated by the proposed closed-form expression and the exact sdlotisgstems with different structure-
to-soil mass and slenderness ratios. It is shown that despite some sldgresiimation ofé, for s<1
(conservative in designthe proposed closed-form expression is sufficiently accurate for dasigoses.

0.25 r —6— : : : : 79— : :

: : : : : : = Maravas et al. (2014)

ping &,
o
N

o
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«

o1k-J2- ’ S 97 - - ]

Foundation radiation dam

1 12 14 16 18 21 12 14 16 18 21 12 14 16 18 2
Period lengthening ratio T/T, Period lengthening ratio T/T, Period lengthening ratio T/T,

Figure 7 Comparison of the foundation radiation damping ratio calculated by thesaoglosed-form

expression and the exact solutions.

While the soil material damping (hysteretic dissipation of energy) is strasndept, it has been shown to
be insensitive to the frequency of vibration [58]. The strain-dependeat stodulus degradation and damping
curves serve as the basis for the equivalent-linear method for sitesespmalysis. The two curves are related
to each other by the following expression [59]:

L expl- 0.014EPI1'3){ 058{ G JZ 547G 1} (16)
6 G, o
where Pl is the plasticity index in percenta@eis the effective soil shear modulus equapte, and G is the
low-strain shear modulus that can be evaluated using the cord@spahear wave velocitysyy The shear
modulus degradation ratio G§@& related to peak spectral acceleration and site classes in Table 19.3-2k0f ASC
7-16[27].

For the nonlinear EFSDOF oscillator, an effective ductility ratio is usetheéasure the degree of

inelasticity of the SSI system (Figure 6(b))

Hssi = 1-2 (/us _1)+l (17)
whereas the equivalent viscous damping ratio of the linear EFSDOF osaildetdre obtained by applying
standard equivalent linearisation methods on the nonlinear model in BigmireJsing the well-known Gulkan

and Sozen methods for reinforced concrete framed structuresdM68haddasi et al. [24] gives the following
expression:

eq

gssi,eq: ssi(/1 )+% (18)
T

In general, the equivalent viscous damping ratio values for concrete andateelbuildings are close when
having similar ductility demands [55]. Engineers should choopepgate formulae for the equivalent viscous
damping ratio in accordance with the structural system of interest.

4. DIRECT DISPLACEMENT-BASED DESIGN METHODOLOGY FOR FLEXIBLE-
BASE BUILDINGS

A controversial issue regarding the DDBD approach is thetibeavily damped elastic spectra for estimating

inelastic displacement demands of SDOF systems, on the basis of an eqlivedgndpproximation of the

actual nonlinear behaviour. Previous research has suggested that, insi&iag efastic spectra with equivalent

viscous damping, inelastic design spectra could be adopted for estimatistidrdigplacement demands with
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higher accuracy [51,61,62]. This section presents a procedussifestructure interaction analysis within the
framework of the DDBD approach, as illustrated in Figurét& effectiveness of both equivalent linearisation
and inelastic spectra methods is assebgedeans of two design examples.

Structural input:
building geometry,
member dimensions,
material properties

Seismic input:
My, R, site class

Geotechnical input:
B Vso, p, P, v

-

.| SDOF fixed-base building:
Step 1 M91 He: I és, Usy, Usm; Ms, ﬁs S, ég
) L
Step2  |'E 4% Ao(initial=1)=>ptss=Ussim }4
2 -
= >
S 2
c 3
Step 3 Sl a3
=3 >
© o
< <
- L
c
(0]
w
Step 4
yes
< Egs. (12),(13)
Step 5
—> inelastic spectra no ho=
—> equivalent linearisation
yes
Step 6 \A

Figure 8. Flowchart illustrating the overall DDBD process for flexible-base ygktiictures.

4.1 Design procedure based on inelastic spectra
The suggested design procedure for flexible-base buildings subjeatedrtfault pulse-like motions involves
the following steps, in accordance with Figure 6(b) and Figure 8:

1.

SDOF representation of the design building

Determine the properties of the fixed-base building corresponding to itsstinefast-mode shape
(assumed similar tits elastic shape [55]) and the structural ductility, slenderness and mass ratio
Design displacement of the EFSDOF oscillatgr

Calculate the yield displacement and the effective ductility ratio of the nonlE€8DOF oscillatar
obtain the design displacementiw For the ® iteration,Ao-Tss/Ts can be assumed to be equal to 1 (i.e.
fixed-base condition).

System damping ratiéssi

Calculate the system damping raiig usingio.

Equivalent natural periodsd

Construct the inelastic displacement spectrum using SITesi)=SD(T &ss) Cuss(T,Essiissi) following

the procedures described in Section 2. Determigehit corresponds tadn If no solution is found, i.e.
Ussi,»Max[SD(T,Essiussi)], increaseélg values and repeat steps 2-4 until solutions fourib>fmax(say, 5),
adjust structural geometry or member dimensions and repeat steps 1-4lutidihsdound.

Check convergence of design solution

Calculate T and a to evaluate a new value af. If A1 is close tolo within an acceptable tolerance,
proceed to step 6. Otherwjdet o= A1 and repeat steps 2 to 5 until a satisfactory tolerankdsodbtained.
Design base shearV

Determine the design base shear strengthwkich is then distributed to each floor to design structural
members.
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4.2 Design procedure based on equivalent linearisation
The second procedure adopts elastic design spectra derived for higmglaap values to account for
structural inelasticity, in accordance with Figure 6(c) and Figut®teéhs 1, 2, 5, &6 in the inelastic spectra
method (subsection 4.1) remain unchanged here whereas stiegoe 3nodified as follows.
3. Equivalent linear viscous damping rafigieq
Estimate the effective period lengthening réfigequsingieq andissi
4. Equivalent period of the yielding systergikq
Construct the design elastic displacement spectrum 8{£d), following the procedures described in
Section 2. Obtain skieq corresponding toskmon the spectum. The solution process is the same as that in
step 4 for the inelastic spectra method.

4.3 Design examples

The effectiveness of the suggested direct displacement-based procedumistoied using two example
SDOF structures. The properties of the SDOF structures were extracted fréram&d buildings of which the
detailed design was originally presented in references [55,63] for thebfasedcondition. The first example
Ex.1 relates to a steel building (Figure Al(a)) where the seismic resistgmoeided by peripheral and interior
resisting frames, while the second example Ex.2 represents a pydxast prestressed frame building (Figure
Al1(b)). Both structural systems are supported by a raft foundation constructedlag site two kilometres
away from the rupture plane of the governing fault. The building® designed for a maximum drift ratio of
0.025 during an M 6.6 seismic event considering that the ground velocity motions &itéhexhibit strong
pulses (pulse-like ground motions).

Table 1 lists the properties of the design examples (calculated according tncef¢b5]) and the
foundation soil TablesA1-A4 within Appendix A summarise results of the iterative direct-displacement design
procedures, based on both the inelastic spectra (subsection 4.1) and thkeglinearisation (subsection 4.2)
methods, for examples Ex.1 and Ex.2.

Table 1. Input structural and geotechnical parameters for the design examples

Parameter Ex.1 Ex.2
Effective mass, M(tonnes) 2595 1965
Effective height, H(m) 12.24 14.43

Structural yielding displacement;w(m) 0.183 0.043
Structural displacement demandfm) 0.256 0.303

Structural ductility ratiops 14 7.0
Structural linear damping ratiés 0.05 0.05
Low-strain shear wave velocityso{m/s) 240 240
Soil mass density; (kg/nT) 1800 1800
Plasticity Index, Pl (%) 30 30
Soil Poisson's ratio; 0.4 0.4
Structureto-soil mass ratioin 0.51 0.38
Slenderness ratio, s 0.81 1.02

The data in Tables A1-A4 show that for the building designed with a lmility capacity in Ex.1, using
elastic and inelastic spectra has led to similar design base shear valuegs=@2179 and 23335kN for the
inelastic and equivalent linearisation methods, respectively). On the contratlye fouilding designed with a
high ductility capacity in Ex.2, using the equivalent linearisation atetesuledin a design base shear which is
more than two times greater than that obtained using the inelastic spetii@d. The adequacy of these two
design solutions is studied in the next subsection using nonlesaonse history analysis.

4.4 Verification using response history analysis

Since the design scenario involves pulse-like ground motions, 9Infattal pulse motions identified by Baker
[7] were processed for the verification analyses is #tudy. These records were firstly modified using the
RSPMatch09 program [64] to match the design pseudo-acceleration respensem (5% damping ratio).
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RSPMatch09 performs time-domain spectral matching by adding mdjostvavelets to an initial acceleration
time series. The model 7 tapered cosine function recommended by RSPMatsh@@opted for the spectral
matching to prevent drift in the modified velocity and displacement time setids preserving the non-
stationary characteristics of the ground motion. Recognising that atldingat/elets to the original records may
change their pulse-like characteristics, the modified motions were then filtmiad the pulse-motion
identification algorithm proposed by Baker [7] and the pulse periodslagddyi.e. the motion was identified as
being“pulsetike” if the pulse indicator value was higher than 0.85. Followingdifiisrion, sixteen spectrum-
compatible pulse-like motions were selected as representative of the desigd grations for the nonlinear
dynamic analysisFigure B1 in Appendix B shows the strong velocity pulses in thdiffrad ground motions.
Comparisons of the individual and mean values of the response spectitze gmalse periods of the design
pulse-like motions with the design target values are presented in F@uanad 10, demonstrating a good
agreement between the mean design motion and the target design scenario.
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Figure 9 Displacement spectra for the modified records compared with the targeaspmtdidering a damping
ratio of 5%.
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Figure 10. Pules periods of the design ground velocity motions compareithevttirget design value.

The superstructures were modelled by an SDOF oscillator having a mdssaheight of H and elastic-
perfectly plastic lateral force-displacement behaviour with a viscous dgmmatio of 0.05. The dynamic
behaviour of the raft foundation was simulated using a discretedelemedel, which is based on the
idealisation of a homogeneous soil under a rigid circular base mat as a seie-infincated cone. More
information about the flexible-base SDOF oscillators used to represent the smittlalilding interaction
systems in this study is provida@dreference [25].

Figure 12 compares the displacement demands of the flexible-base SDOF osolitdorsd from time-
history analysis with the design target values listed in Takllesnd A2 for Ex1 which was designed to undergo
small inelastic deformations. Note that these displacements are defined relative to titeagunclude the
contributions of the foundation motions. The Ex 1 representative SDOdtusesl designed using either the
inelastic spectra or the equivalent linearisation method experienced similamumaxdisplacements when
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subjected to the design pulse-like motions. This is consistent withathehiat the design base shear values

using these two methods were fairly close.
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Figure 12 Displacement demands obtained from nonlinear response history analytsigget design values for
Ex 1: (a) equivalent linearisation and (b) inelastic spectra methods.

For the structure in Ex.2 that was expected to dissipate a great amgaignoic energy through significant
inelastic deformations, Figure 13 shows that the inelastic spectra methadepra noticeably better result,
leading, on average, to a 7.9% higher displacement demand compahedd®sign displacement, while the
mean value corresponding to the equivalent linearisation méthodre than 40% lower than the target values
(all individual values are also lower than the design displacement value)

Although using an inelastic design spectrum has been shown tmteeefficient for seismic design of
highly ductile fixed-base structures compared to using a heavily damptd spestrum [51,61,62the authors
by no means imply that inelastic spectra should always be favourablast@ spectra in displacemebased
design of flexible-base structures. In fact, both techniques are alternativantddDBD methods that need
improvements (especially for pulse-like ground motions), angéhi®rmance of these techniques is affected by

the procedures used for developing the design spectra and/or the snetbddor the equivalent linearisation.
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Figure 13. Displacement demands obtained from nonlinear response aisibyrgis vs. target design values for
Ex 2: (a) equivalent linearisation and (b) inelastic spectra methods.
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While the focus of this study is on flexible-base structures, it is integesti examine the response of
corresponding fixed-base structures as well. Two additional scenarios weigepethavhere structures were
designed with a fixed-base assumption. Three cases are compared, aefined

e Case 1- structures designesing the “fixed-base’ assumption, supported on a rigid base and
subjected to the sixteen pulse-like motions;

e Case 2- structures designed using ‘tfieed-basé assumption, supported on a flexible base and
subjected to the sixteen pulse-like motions;

e Case 3- structures designed using‘fitexible-bas& assumptionsupported on a flexible base and
subjected to the sixteen pulse-like motions (results shown in Bigdrand 13)

Note that the design process and solutions for the structures in cager@sarged in Appendix A. The soil
conditions for the case 2 structures were assumed to be identical to those in asmgee3ented in Table 1
Table 2 summarises the dynamic properties and desigh base shear f/@hgesxample structures designed
according to the fixed and flexible-base assumptions.

The seismic response of the structures designed based on all three cesegared in Figures 14 and 15.
The displacement demands of SSI systems in cases 2 and 3 theluigd-body movements of the foundation
whereas for case 1 the displacement demands correspond to the mastionztaoral distortion. In addition to
evaluating the displacement demands against the target design values, thefresulttural ductility demands
are also compared in order to check if the actual structural inelasticity level éstaltise design level. The
comparison of the mean and target values for cases 1 and 3 imuseskss the effectiveness of the DDBD
procedure; while for case 2, it displays the difference of the actual sespbfiexible-base structures designed
using the fixed-base assumption and the target performance.

In general, the results of cases 1 and 3 (shown in Figures 1¥5aimticate that using inelastic spectra is
more effective than using elastic spectra in DDBD design of structuresandthwithout considering soil-
structure interaction, especially for structures designed to have higher ydititands. It is also shown that
the dispersion of the data is higher for structures with SSl-based desigfor those designed using the fixed-
base condition, and this dispersion increases with increasing targétyddemand. Figure 14(a) shows that the
mean values of the displacement demand of Ex 1 structures in caseg ararvery close, suggesting that soil-
structure interaction seems to have a negligible effect on their structural sesptowever, as illustrated in
Figure 14(b), the structures wideflexible base in case 2 exhibited a much lower ductility demand compared to
those in case {lower than the target values). In fact, it seems that in this exahwleduction of structural
deformation (reduced ductility demand) and the increase in the foundatiton due to SSI cancelled each
other outleading to a similar displacement demand to the fixed-base structures.

Table 2 Design solutions for structures in cases 1, 2, and 3

Description Case l Case 2 Case 3
Base condition Fixed base Fixed base Flexible base
Simulation assumptior  Fixed base Flexible base Flexible base
Ex1 EL? IS? EL IS EL IS
Ts (sec) 0.667 0.682 0.667 0.682 0.896 0.919
a0 0 0 1.268 1.468 1.118 1.090
V4 (kN) 42020 40228 42020 40228 23335 22179
Ex 2 EL IS EL IS EL IS
Ts (sec) 0.447 0.760 0.447 0.760 0.505 0.781
a0 0 0 0.997 1554 2339 1.510
Va (kN) 16787 5819 16787 5819 13180 5501

Note: 1-EL=Equivalent LinearisatipB8-1S=Inelastic Spectra

Figure 15 compares the displacement and structural ductility demarls structures in all three cases
(designed using inelastic spectra) with the target values. It is shown ¢h&Siheffect is insignificant for
structures with high ductility demand. In this case, both fixed-bas&8hthased DDBD design methods lead
to a practically identical design solution (see Table 2). This observation agreement with the results
presented in Lu et al. [25], where the period elongation and damping doenttation soil were negligible
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compared to those due to high levels of structural inelastittigy overall response of the SSI system was
governed by its highly nonlinear superstructure. On the othet, la@ Ex 2 structures designed using heavily
damped elastic spectra (equivalent linearisation) exhibited very different seierfocnnces compared to
those designed using inelastic spectra, which implies that these destipnsalvere not appropriate.
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Figure 14. Resultsf nonlinear response history analysis vs. target design values foirexll three cases: (a)
displacement demands and (b) structural ductility demands.
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Figure 15. Results of nonlinear response history analysis vs. tgjgh values for Ex 2 in all three cases: (a)
displacement demands and (b) structural ductility demands.

5. DISCUSSION

In previous sections, a stéy-step procedure was presented for seismic design of flexible-baseirstsuttt
pulse-like ground motions using a direct-displacement based d@&BD) approach. The proposed design
procedure is best suited to buildings supported by raft foundatioasefidcts of nonlinearity at the foundation-
soil interface (e.g. foundation uplift and/or sliding), full mobilisatioh foundation bearing capacity, soil
inhomogeneity and foundation embedment were not considdozeever, these effects can also be incorporated
into the developed design framework by modifying the current proeetlased on relevant references
[21,22,65,66]. In the proposed design approach, the buildasgsunplified into an SDOF structure based on its
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fixed-base fundamental mode of vibration (which has a similar fiosteashape to the flexible-base counterpart)
and higher modes of SSI systems were not considBeszEnt research showed that short-period velocity pulses
amplified the higher-mode (high-frequency) response flexible-baddirigs whose inter-storey drift ratio
distribution varied with respective to the pulse pasi§67,68] In fact, higher-mode shapes of fixed-base
building can be significantly different compared to those supportdlkxhle bases. Therefore, further studies
should be conducted to quantify the alteration of higher-modes due tanS&ider that appropriate
modifications can be applied to the basic procedure proposed in thet casearch.

Since the suggested compatible response spectra were constructed using emgueédsalfor ground and
spectral parameters (e.g. peak ground motion, peak spectral ordinatdésal spmarol periods damping
correction factors and ductility reduction fachdoased on earthquake recomseveral separate datasets which
may not necessarily focus on pulse-like motjdature studies are required to derive predictive models that are
more consistent with the ensemble of pulse-like ground motibirtgerest. Note that the compatible spectrum
corresponds to a deterministic design spectrum which should be treateéndiffdrom those based on
probabilistic seismic hazard analysis calculations (e.g. uniform hazarchsesppectra). An assumption made
in this study (and other related studies [28,30]) was that thetrap predominant periods; &re insensitive to
damping level, which mayot to be appropriate for heavily damped response spectra. Howeveesthts r
presented in this paper show that the response spectra for high daatfpa do not exhibit the distinct peaks
that appear in slightly damped spectra. Therefore, using predonperiods of slightly damped spectra for
constructing heavily damped response spectra is considered acceptgimacfmal purposes. Another area
requiring further attention relates to the uncertainties in estimating the pulsd pnd/or other spectral control
periods. This could be addressed by defining constant maximumadpegions within the spectral range
limited for example by Fo and Tgto (¢ being the standard deviation of)TThe values corresponding to the
smoothed spectral amplification factors could then be evaluated withirnrdugses.

Though the above mentioned limitations indicate that the suggested desigmsesspectrum should not be
directly applied in design practici#, has been shown that the concept of constructing such a design spectrum
provides a better alternative to the conventional bi-normalised response spewoed tgrnormalising the
spectral ordinates with respect to a single peak ground motion (i.e. PGAOPB®&D). Nevertheless, the
procedure for DDBD of flexible-base structures proposed in thigy ssudot restricted to the suggested design
spectra, and, in essence, any type of design response spectrumezsmilybemployed to perform the design
process.

6. CONCLUSIONS
A practical displacement-based design framework was presented, for the festfdimseismic design of
flexible-base structures subjected to near-fault pulse-like groutidmadWithin this framework, an actual soil-
structure interaction system is treated as an equivalent fixed-base SDOFQEF$Bcillator having an
equivalent natural period, a system damping ratio, and an effectitditguratio which can be readily
determined using proposed formulations. The effects of near-falsk pootions on structural response are
accounted foby newly developed compatible response spectra that are directly correlateldewitiige period.
Utilising the EFSDOF oscillator and the design response spectra, twoysségp procedures were proposed on
the basis of the suggested inelastic spectra and equivalent linearisation methodssultkeof non-linear
dynamic analysis performed on two example SSI systems ursd¢rod sixteen spectrum-compatible pulse-like
ground motions demonstrated that using heavily damped elastic displacaett based on conventional
equivalent linearisation may lead to inappropriate design solutions icathesHowever, t was shown that the
proposed direct-displacement based design procedure based on inelasticpaesigrirsgeneral provides more
accurate results for the SSI systems under pulse-like ground motfeneesiults also indicate that the SSI effect
is insignificant for structures with high ductility demand, wheiseed-base and SSI-based DDBD design
methods lead to almost identical design solutions.
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APPENDIX A

Steel moment resisting frames (a) Precast prestressed frames (b)
Dimensions 24X30m plan Dimensions 25X25m plan
Beams 500X200 mm Beams 1000X300 mm
Columns 377X309 mm Columns 750X500 mm
Design drift limit 0.025 Design drift limit 0.025
Steel minimum yield strength 355 MPa Rebar minimum yield strength 400 MPa
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Figure Al. Frame buildings for the design SDOF example structures: (a) steehtwesisting frame building
[63] and (b) hybrid precast prestressed frame building [55].

Table Al. Results of the DDBD procedure using inelastic spectra for Ex.1

Iteration number

Parameter 1 2 3 4 5 6 7 8 9 10
ro? 1.000 1.683 1.240 1.369 1.303 1.334 1.319 1.326 1.322 1.324
Usim(m) 0.256 0.381 0.300 0.323 0.311 0.317 0.314 0.315 0.315 0.315
Essi 0.050 0.242 0.120 0.159 0.139 0.148 0.144 0.146 0.145 0.146
Tssi 0.682 1.343 0.969 1.104 1.035 1.067 1.051 1.059 1.055 1.057
=) 1.468 0.968 1.151 1.062 1.105 1.084 1.094 1.089 1.091 1.090
A 1.683 1.240 1.369 1.303 1.334 1.319 1.326 1.322 1.324 1.324
V4 (kN) 22179

Table A2. Results of the DDBD procedure using equivalent linearisation fbr Ex

Iteration number

Parameter 1 2 3 4 5 6 7 8 9

Ao? 1.000 1.526 1.277 1.371 1.330 1.347 1.340 1.343 1.341
Ussim(m) 0.256 0.352 0.306 0.324 0.316 0.319 0.318 0.318 0.318
Essieq 0.137 0.220 0.176 0.192 0.185 0.188 0.187 0.187 0.187
Tssieq 0.899 1.355 1.123 1.209 1.171 1.187 1.180 1.183 1.182
= 1.318 1.026 1.155 1.102 1.125 1.115 1.119 1.118 1.118
M2 1526 1.277 1.371 1.330 1.347 1.340 1.343 1.341 1.341
Vg (KN) 23335
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Table A3. Results of the DDBD procedure using inelastic spectra for Ex.2

Iteration number

Parameter 1 2 3 4 5

Ao? 1.000 1.389 1.478 1.465 1.467
Ussim(m)  0.303 0.320 0.324 0.323 0.323
Essi 0.050 0.155 0.178 0.175 0.176
Tssi 0.869 0.915 0.951 0.946 0.946
& 1.359 1520 1509 1.511 1.511
A 1.389 1.478 1.465 1.467 1.467
V4 (KN) 5501

TableA4. Results of the DDBD procedure using equivalent linearisation for Ex.2

Iteration number

Parameter 1 2 3 4 5 6 7

Ao? 1.000 2.646 2.111 2.244 2.208 2.218 2.215
Ussim(m) 0.303 0.375 0.351 0.357 0.356 0.356 0.356
Essieq 0.258 0.262 0.255 0.256 0.256 0.256 0.256
Tssieq 1.284 1520 1.430 1.452 1.446 1.448 1.447
& 2434 2.285 2.351 2.335 2.340 2.338 2.339
M2 2.646 2.111 2.244 2.208 2.218 2.215 2.215
V4 (KN) 13180
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Figure B1. Velocity time series of the design earthquake motions showipgide characteristics.
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