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ABSTRACT

Single-storey systens with different hysteretic characteristic are subjectedrtpulsetype short
durationand long duration earthquake records to investigate the effects of hysteretic bieaastio
ground motion characteristios the seismic responseRE bilinear, Takeda, SINA, and flaghaped
hystereticmodelsloops are considered and an energy approach is taken to explain the inelastic
behaviour The first part of the work is based analysef the singlestoreysystems without any
torsion, however; torsional irregularity is considered in #terlanalyses.

It is shown that structures with the same backbone curve, but different hysteretic characteristics, tend
to experience the same maximuesponse under short duration earthquake records, where there is
one major displacement excursiofhe likelihood of further displacement in theverse (i.e.
negative)directionis characterized using energy methadsdfree vibration analyses along with a
newproposed o sci | | at i o (ORR)easiersptoyed to improvatheiumderstanding of the
seismic responsélysteretic modelsvith low ORR such as SINA and flaghapedare shown to

have a greater likelihood of higher absolute displacement nespoin the negative direction
compared with those with fatter hysteretic loops. The understanding of the respdesas of
energyreconcilessomedifferences in the ability of initial stiffnessversus secant stiffness based
methods to predict peak disgkement demands with account for different ground motion

characteristics

The same peak displacement the primary directionwas also observed fortrsctures with
stiffnesgstrength eccentricitiesuunder an impuls¢ype earthquake recorddowever, during

unloading, the elastic energy stored in the -@ftplane elements is releasedusing greater
displacement on the weak siahethe reverse direction

INTRODUCTION

Damageto structuralelementsin yielding building systems
subjected to earthquake shaking is related to the deformations
they experienceDesign is generally conducted so that the
deformation (and hence damage) demands are less than the
damage capacity for the limit state and shaking level
consideredTwo simple empiricalapproachesre commonly
used as the basis for prediction of structural displacement
demand by practitioners in desigNeither approach has a
strong fundamental basis in the actual behaviour. Erey
applied taregular and slightly irregulaingle andnulti-storey
structuresTheyweredevelopedrom the responsef yielding
singledegeeof-freedom (SDOF) systesn from elastic
response spectcharacteristics

The first which is commonly usedn common design

for typical structural types nal earthquake recorddo
reasonably estimate seismic displacements Nevertheless,
differences in response estimation exist as a result of the
fundamental assumptionthe type of earthquakecord used,
and the specific calibration performed

It may be seen from the discussion above that while
satisfactory empirical methods exist to estimatiee
displacement response for design, these methods dwnet

a strondundamental basis. For godésign, it is desirable that

a rational understanding of behaviour be developed based on
the response dfinglestorey structures subject to records of
different types that can be applied to irregular and rstdtiey
structures.

This paper seeks to addsdbese issues by seeking answers to
the following questions:

standards, computes displacements of structures based on their 1. What are the displacements of single storey structures with

initial stiffness The method is fundamentaliydependent of
the structure unloading and energy dissipation characteristic
The second approachbssedn thestructuresecant stiffness
and hysteretic dampin The original concept was that at the
peak displacement the structure oscillates with equal
magnitude in botldirections (which is seldom true in reality).
This, in its fundamentaform, the peak response decrease
with increasd in hysteretic loop energy dissipatioffhis
approachis more often usefbr structures with more pinched
hysteretic behaviouBoth approaches have been calibrated

the same backbone curvéout different hysteretic
characteristicsubject to impulse records

2. What are the displacements of these structsubgect to
realistic earthquakeecord®

Can a simple methotte developedo understand the
response of structure with different hysteresis loops
consicering the shaking type?

4. How do thke concepts developed relate to single storey
structures subject torsioral deformation?
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Initial Stiffness and Secant Stiffness BasedDisplacement
Prediction M ethods

Initial stiffness based methods are based on the assumption
that the inelastic responseaynbe predicted from the elastic
response considering a modification for ductility and structural
period. Two widely known relationships which estimate
inelastic displacement based on just the initial stiffnesbef
structure are the equal displacemessuamption (EDA) and

the equal energy assumption (EHA). For medium to long
period structures, it is often assumed in design that the inelastic
displacement is equal to the displacement of an equivalent
elastic system with the same initial stiffn@sslthereforeR =

M, whereR s the ratio of the elastic force to yield strength and

M is the ratio of the ultimate displacement to the yield
displacement Kigure 1), which is known asthe EDA. For
shorter period structures, the inelastic displacements are often
larger than elastic displacements, which me&s< .
Newmark and Hall observed that the EEA is applicable to
moderately short period structures, which leads to

R=.2m -1 [2]. EEA states that the monotonic loading

energy (please sédgure13) for elastic and elastiperfectly
plastic structures is the same when jscted to the same
seismic event. FEMA 358] introduces a empiricalfactor

(the C1 in Equation (315)) to modify the displacement
calculated for the linear response to the inelastic response for
short period structuref3]. R-mT relationships have been
investigated by many people including Priestley et[4]l,
MacRae[5], Miranda et al[6]. Miranda et aldiscussed and
evaluatedheaccuracy of thesB-/T relations in detail6].

The displacement demand on an inelastic systeay be
affected by the hysteretic characteristics of the structural
elementg7]. According to FEMA 356, for structures with low
energy dissipation such as pinched hysteretic structures (e.g.
rocking structures), EDA may underpredict the actual
displacemets so modifications have been proposed to predict
the displacement demands better (i.e. @efactor used in
Equation (315) to represent the effect of pinched hysteresis

shapg3]).
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Figure 1: lllustration of the equaldisplacement
assumption

The idea of using an elastic substitute structure was first
introduced by JacobsdB]. His approach, also followed by
Gulkan et al.[9], is based on the concept that the energy
absorbed by the hysteretic cyclic responseao§ielding
structure in its steady state is equal to the energy dissipated by
the equivalent viscous damping (EVD) of a substitute
structure, xhys;, with an elastic stiffness equal to the secant
stiffness at the peak displacement. This is expressed in
Equation ((1). This approachs used in documents such as
ATC-40. It provides procedures for tiseismicevaluation and
retrofit of concrete buildingELO].

2/ hyst Mhyst
= = X+ :+4y_
Xeq UY + hyfg 0 An 0 2 /FmDm (1)

where 3o =initial elastic damping ratio;

Anyst= complete stabilized hysteresis loop area, the hatched
area shown iifrigure2;

Am = rectangular area within the maximum forEe, and
displacementDm as shown irFigure?2.

Figure 2: Hystereticarea for EVD calculation.

Equation ((1) resulted in displacements close to those
predicted by time history analysis for systems with pinched
hysteretic behaviour, such as those using the Takeda loop, but
often underestimated thesglacement of systems with high
energy dissipating capacity such #e bilinear modelfor
whichthe initial stiffness proportional metheas found to be
better for fatter hysteretic loop$l]. In order to improve the
accuracy of the substitute structanethod, Priestley et giL1]

used the results of ndimear timehistory analyses (NTHA) to
calibrate EVD values for different hysteretic models to predict
the same peak displacement. Therefore, this approach is
empirical and its accuracy will depend tive characteristics

of the ground motions used in calibration studies compared to
those expected at the site. Indeed, researchers such as Pennucci
et al.[12] and Stafford et a[13] showed that spectral shape
and earthquake magnitude would also affeclibrtion
results.

In Priestleyb6s approach, the
with fat hysteretic loops become similar indicating that for
these structures the hysteretic loop unloading characteristics
do not affect the peak response. For example effeet of
damping for Takeda and bilinear hysteretic loops are almost
identical[7]. This is consistent with the initial stiffnebased
concepts.

eq

From the discussion above, it would appear that the success of
a given approach would greatly depend on the characteristics
of the imposed shaking, because this affects the calibration.
Both the initial and secant stiffness based approaches have
therefore been modified to provide results that are more
realistic. Sullivan showed that the choice of properly
calibrated displacemeptedictionmethods does not affect the
design strength significantly so long as the designer has made
consistent assumptiofi4].

METHODOLOGY

A numerical model of ainglestoreystructure with various
hysteretic characteristics is subject to earthquake records
causing different shaking response to quantify displacement
response and to develop new conceffexcting peak response
edimation A full parametric study is not undertaken, as it is
not necessary to satisfy the aims stated in the introduction.



Numerical M odel

A numerical model of a singlstorey structure, shown in
Figure3, is employed for analyses in this work. The model is
subjected t@animpulse lad as well as ground shaking and the
results are used to explain the inelastic response of the
oscillators with dfferent hysteretic behavioufhe structure is
assumed rectangular in plan with widdh of 24 m and length,

L, of 40 m. Two seismic force resisting system (SFRS) are
considered in each direction. The diaphragm is assumed rigid
and the total mas$4, and mass rotational inertikyt, of the
system are lumped at the centre of m&ss, which is at the
centre of the rectangular plan. As shown in Figure 3, the
structure is shaken only in tyalirection.

In the first stage of this work, the total stiffness and strength of
the system is divided equally between SFRSs in ythe
direction, which are 14 m away fro8um. The SFRSs in the
direction are both of the same Bti#ss and strength and placed
at a distance of 9 m fron€m. Therefore, there is no
stiffness/strength eccentricity and this structure acts like a
SDOF system under excitation in theirection even though

it has more than one element (i.e. the translatfothe rigid
floor in they direction is the only degree of freedom of the
system).

The systenmtotal initial lateral stiffnessKi, was calculated
according to Equation (2) for the specified madsto obtain

a fundamental periodT], of 1.0s. The masspecified is not
important as it does not affect the behaviour, but the value
chosen is given in Table 2.g4ructure with a period ofsinay

be representative o 4~5 storeybuilding structure designed

in high seismic regions and selected as an illuggaxample.

<=2 @

The total system lateral yield strengHy, was specified such
that theratio of the total lateral strength to the total seismic
weight of the systemCy, was 0.1 according toEquation
(Error! Reference source not found. where g is the
acceleration of gravity.

F,=C,(M 3g) ®)

According to NZS 1170.5, the standard used in New Zealand
to calculate the foerand deformation demands on structures
from earthquake shaking$5], Cy = 0.1 roughly represents a
medium range period (e 4 1 s) duct imde

4) in a seismic region (e.g.a
defining the SDOF system.

OTallel lists the parameters
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Tablel: SDOF Systemparameters

Parameter Value Unit

Mass(M) 4,00x1CF  N.$%m (i.e. kg)
Period(T) 1.00 s

Totalinitial tiffness(Ki) 1.58x16 N/m

Total yield strength (Fy) 4,00x1F N

S t demtr€ &f thds€usi

Systems in which theentreof mass,Cw, does not coincide
with the centre of stiffnesgstrength experience torsional
response in addition to pure translation. Taetreof stiffness,
Cr, is defined as the location where if a lateral load is applied,
in the elastic range diehaviouthe system does not twist. The
centreof strength,Cv, is defined as the location where if a
lateral load is applied to the system, therends torsional
moment on the system in the inelastic randeebfaviouf16].
The stiffness eccentricitgr, and the strength eccentricigy,
are defined as the distance betwdam and Cr and Cv
respectively.

The second stage, considers a shsfjtgey structure with
strength/stiffness eccentricity to investigate the effect of
hysteretic models on seismic response of torsionally irregular
systems. The stiffness and its companion strength
eccentricities arer = 0.19_andey = 0.1L respectively Figure

3). The stiffness/strength eccentricity for the excitation in the
y direction is introduced by assigning larger stiffness and
strength to the right hand side SFRS. However, the system is
still symmetric in thex direction.

The stiffness and strength eccentricitfes the excitation in
the y direction can be found using Equatiof2) and (3)
respectively

a xk
&=x 2
3k (2
_axv
SR 3
where X = distance of the elemenfrom Cw in thex
direction;

ki = stiffness of elemeritin they direction;
Vi = strength of elemerntin they direction.

Mass rotational inertidyot, is defined as the required torsion
to cause a unit angular acceleration and can be found about
r%@uati@n- ).
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Figure 3: Schemaic 3D view of the case study structure
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o = f§dm @

where  dm= infinitesimal mass;
r = polar distance of themfrom the centre of mass.

Assuming theM is uniformly distributed over the plahet of
a rectangular plan can be simplified as shown below.

B®+ 2
12

The total translational stiffness and strength of the system in
both directions are identical. The torsional stiffness of a
structure in which all SFRSs are placed at distanak ahd

dy from Cwm in the x andy directions respectively, can be
calculated sing Equation (6).

Ke =8 {47 &) 8 K8 (dF &)

Please ate that the eccentricity for the excitation in the
direction,ery, is zeroin Figure3.

=M (5

rot

(6)

The configuration shown iRigure3 results in a system with

an uncoupled torsional to translational natural frequency ratio,
Qo, of 123 Theqois defined axa/ ¥y [17]. The¥qgandr¥y

are the uncoupled torsionaKgt,cm / 1105 and translational

([Ki / M]®9) natural frequencies respectively. TKetcwm is
calculated about the centre of mass to leeemdependent of

the eccentricity of the system. The parameters that define the
torsional irregularity in the singlstoreysystem are listed in
Table2.

Table2: Parameters to define the torsional irregularity

Hysteretic Models

For systems under strong earthquake shaking, the force
demand may exceed the system yield strerfgthand from
then on the unloading ahdading characteristic of the system
are needed in addition to its initial stiffness (i.e. period of
vibration) and dmping to evaluate the seismic response. Five
different hysteretic models are employed in this study as
described irFigure4 and Table3.

The first model is elastiperfectlyplastic (EPP). It is
characterized just by an initiatiffness ki, and yield strength,

Fy. EPP is the simplest model and assumes the same loading
and unloading stiffness without incorporation of deterioration
or strain hardening. The EPP model has characteristics that
represent some isolation systems andesstructural systems
with friction connection$18]. The second hysteretic model is
bilinear, which is similar to EPP except that strain hardening
is incorporated in this model. The pg$tld stiffness ratio of

r = 0.05 is assigned.he hlinear model wih different values

for r represent the response of steel structures anetlédber
bearing type of basisolated systemd 1]. The Takeda model

is commonly used to represent the behaviour of reinforced
concrete structurgd9]. a and b are theparameterslefining

the unloading and reloading characteristic of Takeda model.
Structural systems with pinching characteristics such as
reinforced concrete structures that are not detailed properly for
ductile behaviour can be represented using the SINA model
[20]. The SINA loop suffers from significant stiffness
deterioration as the displacement demand increases. The SINA
model is simplified in this work to have a bilinear instead its
original trilinear backbone curve. The last hysteretic model is
flag-shaped whiclhas an unloading stiffness the same as the
initial stiffness. However, after the lateral force during
unloading decreases ltyFy the displacement reduces to that

Parameter Value Unit
— from initial elastic curve following the pestastic slope. Flag
Strength eccentricitye() 4.00 m shaped hysteretic modehrt be representative of some post
Stiffness eccentricityeg) 600 m tensioned or selfentring systems.
Mass rotational inertid ) 7.25x1G N.&.m (i.e. kg.m)
Rotational stiffnessi.) 3.81x13° N.m
AF AF
2 - A
¥ 5 — -ﬂq
5| A s A
S g g
Backbone / " Hysteretic \ Hysteretic
Curve ! . Model Backbone . Model Backbone
\ ,,' - Curve ‘ Curve
: F; ,_;\.-— .
(a) (b) (©)
AF
+ IR
— - ky
1 j ki
i i "\, Hysteretic
e A;, ~k'i “Model é
Envelope ;
Curve
- —1F
(d) (e)

Figure 4: Hysteretic models(a) EPP, (b) Bilinear; (c) Takeda (d) SINA; (e) Flag-shaped.



Table 3: Hysteretic behaviour parameters

Hysteretic Model Parameters
Elasticperfectlyplastic ki, Fy,

Bilinear ki, Fy,r=0.05

Takeda (thin) ki, Fy, r =0.05,0=0.5,6=0.
SINA k, Fy, r = 0.05,F.= 0.3,
Flag-shaped ki, Fy,r =0.05,6,= 0.5

OpenSeef2l] is used to perform the NTHA using Newmark
integration scheme witihtegrationtime step otk = 0.01s. The
equivalent viscous damping of 5% for the translational mode
of vibration is assigned and a tangent stiffness proportional
model is used. The mass proportional damping coefficient is
ignored to have a more realistic estimation of damping of the
system as discussed by Priestley et[all] for structures with

few degrees of freedom. Analyses are conducted using a small
displacement analysis regime, with mass and elements as
shown inFigure3, soP-D effects are ignored.

Loading

For the first part of thetudy, an impulse load is applied to the
structure as shown fRigure5 and Equation).

I =F, 3tD173 16N) 0.0fs) 173 foNg @
FoxAt‘ MxV
M

Figure 5: Impulse loadapplied to structure

The impulse load is considered in this study because it helps
to simply understand the key features of the seismic response
of inelastic systems and chosen such that it pushes the SDOF
systemgo a displacement correspondingis 4.

The impulse], causes momenturivxV, and the velocityy,
as shown in Equatior8).

F3 b _ 1.73 16(Ns)
M 400 16(’\'-%)

constant |

V= 6434n /s

®)

where Fo= oad over a

For the NTHA, three ground motions are selected and shown
in Figure 6. The firstone, 1979 Coyote Lake earthquake
recorded at the Gilroy Array Station 6, is representative of a
shortduration impulsdype ground shaking, which is
characteristic of nedield earthquake shaking&igure6(a)).

The 575% significant durationPss7s [22], of this ground
motion is just less than 0.9 s. The next two ground motions are
two components of 1992 Landers earthquake recorded at
Indio-Coachella Canal, Californidrigure6(b) and(c)). They

can be considered more as leshgration cyclietype ground
motions. The 55% significant durationDss7s of these
ground motions are about 25 s. The latter ground motions are
typical of farfield earthquakes.

These three grouhmotions are selected from a suite of 20
ground motion pairs for the purpose of NTHA in this work.
The ground motion records are selected performing a
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probabilistic seismic hazard analysis as part of Project 17137
of Flagship 4 of QuakeCoRE for the subsdiass C in
Wellington, New Zealand and scaled for several hazard levels
[23]. The set, with 10% probability of exceedance in 50 years,
matches the spectral acceleration at a periddof
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(c) 1992 Landers, IndieCoachella Canal Componeni00.

Figure 6: Ground motionsused fortime-history analyses

The impulse load and ground motion records are all selected
and/or scaledto push the systems used in this study to
displacements corresponding teystem ductility demandz

of about 4. This value waslarge enough to reveal the
difference in responder different hysteretic models.

SDOF SYSTEM RESPONSE CONSIDERATIONS

Oscillators under I mpulseL oading

The backbone curve of bilinear, Takeda, SINA, and-flag

shaped loops, shown Figure4 and Table 3, are the same.

The EPP loop has the saimdial stiffness and yield strength

as others witbut any posyield stiffness. Therefore, the

monotonic loading energy; the area under the monotonic
Sl(ppgir}g curve ]atm\@ thﬁ(éerroif Cg§ Iin(? fthe Qed area in

Figure?S; for bilinear, Takeda, SINA and flaghaped are the

same if the system is pushed to the same peak displacement.

However, as can be seenRigure4 this area is smallefor

EPP tharfor others.

Impulse loading Figure5) imparts an energy to the system,
which is equal to the system kinetic energy, as follows:

1

E =1M 32 ;4.00 18 0434 3.76 TO¢m

<=5 (©)
If a system is able to dissipate and/or stordrthatenergy, it
does not fail. The monotonic loading energy of the sysEan,
which is sum of dissipated and potential energy of the system
is equal to the input emgy if the damping energy is ignored.
To exclude the damping energy, the damping ratis set to
zero. InFigure7(a) to (e), the shaded are&s, are the same

for all loops and equal to 3.76>38.m. In the figures in this
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Figure 7: Response of SDOF system to impulse Ioé) EPP, (b) Bilinear; (c) Takeda (d) SINA; (e) Flag-shaped.
The monotonic loading energy is shown shaded.
paperFand @ are the | ateral f or oscillaenthen thegpotentiabehergg of thestructare imtbensameo f

the system respectively.

Hysteretic loops with the same backbone curves shown in
Figure7(b) to (e) go to the same peak displacement (i.e. the
same ductility,p) whensubjected to impulse load shown in
Equation {) andFigure5. Similarly, flag-shaped system with
different & values (i.e. different flag sizes) experience the
samepeak displacement since regardless of the flag Bizis,

the same for flaghapedoopswith different & values.fr just
changes the proportion of the dissipated and the potential
energy. However, to dissipate the same amount of energy,
larger displacements in the initial direction may occur for EPP
loops tharfor others as shown iRigure7(a) becaus# hasno
postyield stiffness. The displacement of the EPP system is
107 mm while those of others are 100 mm.

Unloading Behaviour of the Oscillators

As discussed, fortaictures with the same backbone curve
under one strong shake impulse, the response in the initial
direction is identical and the systems have the same peak
displacement as was seen Rigure 7. However, the total
absolute response of the system may be affected by the
unloading response, which causes displacement in the reverse
(negative) direction. If damping and further shaking after the
peak displacement are ignorethe tendency from the
hysteresis curve itself to have a large displacement in the
opposite direction may be obtained from consideration of the
release of potential energy. The potential energy stored in the
system is able to push the system back towarelsédgative
direction.

The area within the hysteretic loop is the energy dissipated by
yielding (the green areas Figure9). The green plus red area,
monotonic loadingnergy, is the energy required to reach the
peak displacement. The area above the horizontal axis and
below the unloading path of the hysteretic response is the
recoverable strain energy stored in the system (the red areas in
Figure 9) [24]. When the system is released from a peak
displacement, (the green circlesFigure9) and pemitted to

as the recoverable energy. When the structure moves back to
zero force (the red circles iRigure 9), then the potential
energy is converted totally into kinetic energy. The momentum
at this point causes the same amount of energy to enter the
structure towards the opposite direction as shown by blue areas
in theFigure9.

The amount of potential energy stored in the system and the
displacement of the system in the reverse direction are a
function of hysteretic unloading and reloading characteristics
respectively It may be seen that the displacement toward the
negative direction is larger for the Takeda, SINA, and-flag
shaped loops in the reverse loading half cycle than for the
bilinear and EPP loops. That is because in the Takeda, SINA
and flagshaped loops, lssenergy is dissipated and a greater
amount of energy is stored in the monotonic direction as
compared to the bilinear and EPP loops. The stored energy can
be interpreted as the larger potential to permit the system to
displace in the reverse direction.salthe reloading stiffness

of Takeda and SINA loops are smaller than that of others that
results in larger movement towards the opposite direction. In
addition, the displacement in the negative direction from the
flag-shaped loop withtx = 0.5 is still greater, as shown in
Figure9(e). With smaller flag size (i.e. smallérand smaller
energy dissipatiomwhen loaded to the same dis@atent)and
larger potential energy stored in the system, the tendency of
the flagshaped loop to displac&urther in the negative
direction increases.

In all cases irFigure9, for an oscillator under a strong initial
pulsetype motion, the displacement of the bilinear, Takeda,
SINA and flagshaped loops is the same in the initial (positive)
loading direction and the peak displacement in the negative
direction due to fre vibration is less than that in the positive
direction. For many structural systems used in practice, even
when considering further earthquake shaking, the peak
displacement in the negative direction may not exceed the
peak displacement in the positiveatition unless the energy
dissipation capacity of the system (i.e. green areBgjimre9)

is small (e.g. flagshaped with smalk). This is consistent with















