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Abstract

This paper presents a methodology that combinesgbef magnetorheological (MR) dampers togethér am earthquake
early warning (EEW) system to minimize the losses istructure about to be struck by an incomingigdomotion. MR

dampers can generate relatively large controlldalaping forces by tuning the viscosity of an MRdlthrough a control
voltage. Their mechanical simplicity, fast respotisee, and low electric power requirements makanttatractive for

potential applications in earthquake engineerirgtiqularly when combined with EEW.

In this paper, a control algorithm is developediétermine the command voltage of the MR damperdasehe expected
ground shaking predicted by an EEW system. A gérfieraework is introduced that develops a perforogabased (i.e.,
loss-based) control algorithm for semi-active desicombined with an EEW system. A simplified stbaged building-
specific component-based loss estimation is usetthenproposed framework, combining real-time, EE&¢d1l seismic
hazard, nonlinear dynamic structural simulatiormége fragility and loss. For illustrative purpostbg, control algorithm is
implemented on a generic three-story building stmecequipped with a small-scale MR damper pro®typ

Results reveal that the developed EEW-based coalgokithm can effectively reduce the expected lafsthe considered
case-study structure.
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ucespdu
Note


16" World Conference on Earthquake Engineering, 16 WQ&E7
Santiago Chile, January 9th to 13th 2017

1. Introduction

The goal of an earthquake early warning (EEW) sysi® to detect earthquakes in the early stagesf f
rupture, rapidly predict the intensity of the supsent ground motion, and warn end-users before they
experience the strong shaking that might cause gembhe most damaging shaking is usually caused by
seismic shear (or S-) and surface waves, whictelra about half the speed of the fastest wavamgpy
waves; or P-waves), and much slower than an eldctmwarning signal (which travel at nearly the speé
light). EEW systems use P-waves (or early portioh&-waves) to detect strong shaking at an eariegia
epicenter and transmit alerts ahead of the damégsiwgves [1]. EEW systems can provide up to a faw bf
seconds of warning prior to the arrival of damagingund shaking at a target site. The warning tikygends on

the distance to the earthquake epicenter. Thigvallfor real-time seismic risk-mitigating actionscluding
alerting people to “drop, cover, and hold-on" orvedo safer locations, as well as many types obraated
actions such as stopping elevators at the nedogst bpening firehouse doors, slowing rapid-transhicles

and high-speed trains to avoid accidents, shuttowgn pipelines and gas lines to minimize fire hdgashutting
down manufacturing operations to decrease potetdigage to equipment, saving vital computer infdionato
avoid data losses, etc. From the engineering petigpeif an earthquake is going to strike a tageatcture (or
infrastructure/infrastructure component) and indaceesponse of sufficient severity, then plannetigating
actions (alerting occupants, controlling elevat@t,.) can be taken immediately in order to limitgmtial
losses.

In practice, two fundamental problems in EEW restitis applications: short warning time, partictiar
close to the epicenter, and large uncertainty @npredicted ground motion [2]. EEW information ajwa
involves some uncertainty and some EEW applicatinag lead to a substantial economic loss if a falaem
occurs [3]. Therefore, deciding whether to takegation actions should be based on an advancedtadgsis.
Moreover, as the available warning time is shautpln intervention would likely take too long foryaactions
from being activated in a timely manner. Therefatpmated decision and mitigation actions arerfao

Some recent studies (e.g., [4]) have discusseddim-active control of structures as a possiblexaded
engineering application of EEW, especially in arehgre the available warning time is very shorafribe so-
called blind-zong. In this scenario, a building can change its dyicaproperties within a few seconds (or
milliseconds) to better withstand the approachingugd shaking. The combined use of EEW and stralctur
control may reduce the structural vulnerabilitydaesulting losses) of specific systems, for exangltical
infrastructure such as hospitals, fire stationgwaeks, etc., which have to be operational for egmacy
management purposes during or right after the evenearthquakes often affect power supplies, sative
devices are a sensible option for seismic mitigaéie they can easily operate on back-up power. Menvene
of the key issues in using EEW with semi-activetaalris to properly account for the uncertaintytire EEW-
based estimation of the event features: the effentiss of such applications greatly depends omjulaéty of
the pre-arrival ground motion information providegthe EEW system.

In this study, magnetorheological (MR) dampers @aposed to change the mechanical properties of a
hosting structure according to information on acoming earthquake provided by an EEW system. In
particular, this paper proposes a loss-based pilattbframework to derive an optimum structuraintrol
strategy minimizing potential losses from an incognéarthquake.

The present paper is organized as follows. Fingt,basic concepts of (1) Real-Time Probability Béis
Hazard Analysis (RTPSHA) for EEW applications; af®) structural control, with special focus on MR
dampers, are provided. Next, the proposed lossdbam#rol algorithm for MR dampers combined with\EEs
described, followed by the description of the ilfaive example used in the paper. The final sestitiscuss the
results and offer some conclusions.
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2. Background

2.1 Real-Time Probabilistic Seismic Hazard Analy®#$PSHA)

A regional EEW system is based on a dense sensaprkecovering a geographical area of high seigmici
When an earthquake occurs, the relevant sourcenpsees (event location and magnitude) are estimfated
the early portion of recorded signals (initial Pveg) at sensors closest to the epicenter. The astihsource
parameters can then be used to predict, with diehtionfidence, a ground motion intensity meagivh at a
distant site where a target structure of interesodated. Specifically, recent efforts of realgiseismology on
rapid assessment of earthquake magnitude anddaddfi enable to provide an estimate of the eveietgures
from a few seconds to a few tens of seconds bef@eround motion arrives at a target site. Whem\ant
occurs, probabilistic distributions of magnitude)(&hd source-to-site distance (R) are availableditional on
some parameters measured in the early portioneoPth(and sometimes S-) wave trains at a numbaear-
source stations. These parameters are generatigiatsd with the low-frequency content of the dathich is
sensitive to the seismic moment, and can be retatéide maximum amplitude, the dominant frequencthe
energy released by the event ([1], for a comprdahensview of these parameters and related EEW tspde
The prediction of different IMs, conditional on #®parameters, may be performed by analogy to #e w
known probabilistic seismic hazard analysis (PSH&)in real-time ([3] and [5]) as formulated in Kfj).

Fun(IM 12,8)= [ [ iy (IM Im,r) £y, (] 7) f( 1] 9dmar, (1)

mr

WherefR(r|§) is the probability density function (PDF) of R ciitional on the sequence according to which
stations triggered (at a given tife s={s,s,,....5,}, fy (m|z) is the PDF of M conditional on the measures
from then stations triggered (d}, T ={rl,rz,...,rn}, and can be expressed analytically using Bayesrém [3];

fim (IM |m,r) is the PDF of the considered IM conditional on Mi&, e.g., from a ground motion prediction
equation (GMPE). The vectoz_rz{rl,rz,...,rn} may include any possible parameter estimated fitwenearly
portion of recorded signal. It was shown in {6t f,, (m|g) depends on the measures only via the summation

] n
of the Iogs,r=2|n(ri) andn. The modal value of R alone may adequately repteise PDF due to the
i=1
negligible uncertainty involved in the earthquakedtion rapid estimation methods. Therefore, bexdhs
GMPE is a static piece of information (not depegdim the real-time measures), the RTPSHA intege} be

O
computed offline for all possible values of theand R pair, and the result has only to be retdémeeal-time
without the need for computing it. This is an attige feature of the proposed approach [7].

Eq. (1) results time-dependent hazard curves winiaj be used as a support tool for automated deeisio
making to reduce the expected loss of specifictiras/infrastructures in the framework of perfonecebased
earthquake engineering (PBEE), even in those cabkese limited lead-time renders evacuation unféasib
However, real-time IMs predictions are performedvary uncertain conditions linked to both the rixale
estimation of source parameters and the traditioneg¢rtainties involved in PSHA (e.g., [8]).

2.2 Structural Control

Structural control is an additional tool that cam Used to meet desired performance objectives,nwitie
framework of PBEE. Over the past decades, sevemtral devices and algorithms have been proposed to
mitigate the dynamic response of a structure dugkigeme events such as earthquakes and strong J@hd

There are mainly three classes of control deviPassive devices, which require no external power, a
reliable and never destabilize the structure. Siehces basically reduce the seismic demand oisttieture
either by increasing the energy dissipation po#éiftie., increasing structural damping) and/orchgnging its
fundamental oscillation period moving it away fradhee most energetic frequency content of ground amoti
(e.g., seismic base isolation). However, they Haweadaptability if the actual external loading ddions or
usage patterns are different from those they wesggded for. This makes integrating EEW with passientrol
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systems difficult. On the other hand, active cdndi®vices are adaptive to varying usage patterdsl@ading
conditions. Such devices supply control forces thasefeedback from sensors (located near to/osttheture)
that measure the excitation and/or the actual respoThe recorded measurements from the respoxger an
excitation are processed by a controller whichgldasn an algorithm, operates actuators produciaddices.
However, generating control forces by electromeid@hror hydraulic actuators requires power soufethe
order of tens of kilowatts for small structures amdy reach several megawatts for large structurbis,
together with their stability problems and overaliability are still major concerns to engineekéoreover,
active control strategies are usually based orrimétion about the full waveform or structural resge which
cannot be predicted by EEW.

Semi-active devices, combining the versatility adptability of the active devices and the religbif
the passive devices, have attracted consideratgletian for the seismic protection of structuresdnent years
[9]-[12]. These devices develop control forces Hame the feedback from sensors that measure thmgoe
and/or the response of the structure and do natt iapergy to the structure (so, they usually doinduce
adverse effect on the stability of the structuiid)e stiffness and/or damping properties of a stinectan be
adjusted according to the instantaneous (measuesgpnse of the hosting structure (feed-back) artd/the
instantaneous (measured) properties of the eaitegumput (feed-forward). In both cases, a contigbathm
describes the relationship between the observedtitjga (e.g., displacements/velocities/acceleratiof the
structure, accelerations of the ground) and theesponding optimal values of stiffness and damgivigch can
be changed by means of electrical signals) of tjiestable devices. The energy required for the fizadion of
the basic parameters of a semi-active device idl emapared to that needed to operate conventiactaiators
(generally approximately tens of watts, so it carsbpplied by simple batteries - e.g., to openéciosalve).

Several strategies have been proposed to congrddghavior of semi-active devices (e.g., [11]).lEat
the proposed control strategies has its own marith limitations depending on the specific applaratand
desired performance. Comparative studies are ndedadhluate the performance of each control methsdn
example, [13] described a methodology, referredatoprobabilistic seismic control analysisfor the
development of probabilistic seismic demand curf@sstructures with supplemental control devicebe T
proposed methodology is applied to case-study tstre (3- and 9-story) equipped with three différeontrol
systems, namely (i) base isolation (passive)|i{igar viscous brace dampers (passive); and @itiya tendon
braces. Results from this study indicated thatingles control strategy is the most effective fdrthk hazard
levels/return periods.

2.2.1 MR dampers

One of the most promising semi-active devices ésNHiR damper. These are semi-active damping defiists
investigated in the context of civil engineeringDyke et al. [10]. A magnetorheological fluid is aity liquid
containing iron micro-filings. When no magneticldiés present, the iron particles are randomly eised in the
fluid and affects little its underlying viscosityvhen the MR fluid is subjected to a magnetic fidhk iron
micro-particles align and form linear chains whiohrease the fluid viscosity by several orders afgnitude.
Like conventional viscous dampers, MR dampers sbrodi a fluid-filled cylindrical chamber along wihica
tightly fitting piston moves. In this case, howewvitre chamber is filled with MR fluid and is wrappithin an
electric coil. Supplying the coil with a currentlices a magnetic field in the fluid and changesi#sosity. By
varying the current in the coil (through an inpottage), the magnitude of the force developed endamper
can be controlled. MR dampers adapt with very ffasponse times (i.e., < 1s including trigger artdupetime
[14]) over a broad temperature range and have lowep requirements. They are relatively inexpengive
manufacture and maintain. During the last few desadsearchers have investigated both numericalty a
experimentally the behavior of MR dampers and sagtiive control algorithms associated with thesesypf
dampers for earthquake hazard mitigation [15]. Eighows the force-displacement and force-veldoitps for
a small-scale prototype MR damper subjected to baitncycles (constant amplitude of 1.5 cm and fesqy
of 2.5 Hz) for varying input voltage levels. It ¢sear from these graphs that MR damper behavitighly
nonlinear and voltage-dependent.
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Fig. 1 — Force-displacement (a) and force-velogiyyloops for a small-scale prototype MR damperiigrosed
harmonic cycles at different current levels.

For structural control MR dampers can be used eith@assive or semi-active mode. In passive mode,
illustrated in the block diagram shown in Fig. 8azonstant current is supplied to the MR damperfeddback
data are required and the damper force is genepatesively by the movement of the damper. In tineaieder
of the paper, passive-on and passive-off contreferrto the cases when the maximum and no current,

respectively, are supplied to the damper.

The semi-active controlled system shown in Figués feedback data, requiring the use of sensars (e
accelerometers, load cells, displacement transdaard a controller to determine the damper cofuroe.

A basic semi-active control algorithm is basedt@gimple on/off command current rule. The statinef
structure is assessed and the controller deternifiriasreasing the damper force is beneficial tduee the
response of the structure. If so, the semi-actwroller inputs the maximum current (i.e., on-mptke the
damper to maximize the benefit. Otherwise, it jnputs the minimum current (i.e., off-mode).

Ground motion )
STRUCTURE TespoTe Ground motion
STRUCTURE TesppSe
— damper
MR damper force L damper r
MR damper Torce
Passi — l |Sensor
assive
Max voltage | o, ﬂ
constant mi;f:éed
TPt variable Current command Semi-active measured (or estimated)
current input driver current controller Tesponse

Min voltage

Passive
off

current

Fig. 2 - Block diagram for a passive controlledtsgs with MR damper (left); Block diagram for a seative
controlled system with MR damper (right; adaptexirfr{16]).

More sophisticated control algorithms can be usecbontrol MR dampers (e.g., decentralized bang-bang
Control, Maximum Energy Dissipation, Clipped-Optin@ontrol [17]). Following [18],this study uses MR
Dampers in a “passive smart” mode: the mechanicglgsties of the device are set just before thieadrof a
seismic event at a site, according to the IM egtnoé the incoming earthquake provided by the gaolgically
relevant EEW system (Fig. 3). This adjustment igpsised to only happen once, keeping the deviceaont
parameter unaltered for the whole duration of thismsic event. In this publication, this controlaségy is
referred as ‘SA+EEW'. Later in the paper it will bempared to the passive strategy (coil fed wighrttaximum
voltage) and a semi-active strategy proposed by ¢aRzed the Improved-Clipped Algorithm ('SA ICA'SA
ICA' represents an improvement of the clipped-oatioontrol algorithms for MR dampers introduced b4].
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Fig. 3 - Block diagram for a smart passive contibkystem with MR damper combined with EEW.

It is worth noting that the study presented in [h8F several limitations which are addressed hbee:
peak ground acceleration (PGA) is used as thetedldl in their study, stating that ‘the researohreliably
predict the complete elastic spectrum is still logoess’, not considering the study of [5]; only d@@und
motion records were used in the calibration of tleatrol algorithm based on EEW, with low statidtica
significance of the presented results; the unadgtaanalysis performed to investigate the sengjtiof the
results to uncertainty in the EEW real-time estesais based on simplified assumptions/models; tméral
algorithm is based on the reduction of peak respopsntities of a benchmark highway bridge rathantin
terms of expected loss. This last point is paréidyl important: the designed algorithm should pdevihe
optimal value of voltage that would provide theiopatl structural response considering all the EDiHaterest.
Given that different EDPs represent different pbgikguantities (with different units) and show diffnt trends
as function of the input voltage in the MR damzelpss-based algorithm is the only option ablentmiporate
the representative contribution of all the EDP®tainto consideration.

3. Loss-Based Control Algorithm for MR dampers

The loss estimation approach used in this stugyiisarily based on the simplified story-based hnijgspecific
loss estimation method proposed in [19]. To develdqilding-specific relationship linking ground tiam with
an intensity level of IM to the expected economimetary loss (L), Eqg. (2) can be used:

E[L|IM]=E[LINC,IM]P(NC|IM)+E[L|C]P(C|IM), )

where E[L | NC,IM] is the expected loss in the building given thdtapse has not occurred at the given IM
level; E[L |C] is the expected loss given that the building ldlsipsed (i.e., cost of removal of debris from the
site plus replacement vaIueI)’,(NC||M) is the probability that the building does not ape at the given IM
level; and P(C [ IM ) is the probability the building does collapsetet gjiven IM level (which is complementary
to P(NC[IM), i.e., P(NC|IM)=1-P(C|IM)). P(C|IM) can be quantified by using nonlinear structural
simulation (e.g., [20]); in this stud)F,’(C [ IM ) is determined using the results of nonlinear dyinamalysis by

establishing a collapse criteria based on maximterstory drift ratio (MIDR), i.e., collapse occuf$MIDR is
larger than 10%. At this level of deformation,dtassumed that the building will not be able tmvec a stable
position and side-sway collapse will be initiated.

E[L|NC,IM] in Eq. (2) can be computed using a story-basedoapp by grouping individual
component losses per story and pre-computing egihndamage using assumed cost distribution of dted t
story value, Egs. (3) to (5):

#story 3

ElLineM]= > Y E[L, INC,IM], 3)
E[L, INC,IM]= [E[L, INC,EDR JaP(EDR >edp INC,IM}), 4)
edp
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) #DS
ElL,, INC.EDR]= > E[L,, |DS=ds JP(DS=ds, |NC,EDR). 5)

j=1

In Eq. (4), El_Li,k |NC,|MJ is the expected loss (eventually normalized by dhiginal cost of the

component or its replacement value) atithle story for thek-th component category given that collapse has not
occurred at the given IM Ievel";[Li,k | NC,EDPkJ is the expected loss (normalized by the origimat ©f the

component) at theth story for thek-th component category conditional on non-collagsd the Engineering
Demand Parameter (EDP) associated withktttecomponent categoEDR, ) ; and P(EDR, >edp, [NC,IM)

is the complementary cumulative distribution fuantiCCDF) of EDR, conditional on non-collapse and the
given IM level and can be computed by using nomlinstructural simulation (e.g., [21]). In Eqg. (5),
E[Li'k |DS= dsj] is the expected loss (eventually normalized byatiginal cost of the component) at thth

story for thek-th component category given that collapse hasonotirred at the given damage st&ﬂej);

P(DS= ds; INC, EDPk) is the probability of being at (or exceeding) andge statels; conditional on the EDP
level associated with tHeth component category (i.e., component-specifigifity functions, see e.g. [22]).

The seismic demand (in terms of an EDP) due tarseigxcitation can be estimated by performing a
Probabilistic Seismic Demand Analysis (PSDA) on anputational model of the building. One possible
approach in PSDA (used in this study) is to appkedes of earthquake ground motion time histotiethe
building model and to estimate the peak respornisdifarent levels along the building height. Fbetpurpose
of loss estimation described above, the structespionse has to be evaluated at all stories irstefrthe EDPs
that have the closest correlation with the damaghe components. Three broad categories of conmp®iaee
considered here: (1) drift-sensitive structural poments; (2) drift-sensitive non-structural compusgand (3)
acceleration-sensitive components. Hence, an iovgiof components and their location within theusture is
required.

The main output from PSDA is the probability distriion of the structural response, namely inteystor
drift ratio (IRD) and peak floor acceleration (PEA} different locations and at different levelsraensity. For
each category of components, fragility functions ba used to estimate the probability that a paeidouilding
component will reach or exceed different damageestas a function of the EDPs. The repair or replent
cost of a component can finally be estimated bmiiteng the tasks that need to be accomplished #fier
occurrence of each of the damage states.

The main objective of the approach proposed hete $&t the input voltage to the MR damper, within
the range Q4. according to a given control algorithiiM) so as to obtain the minimum expected lossrdyri
the seismic excitation. The given IM value to inmtb the control algorithm can be the expectediwalf the
real-time distribution of the considered IM (dedvdarough the RTPSHA).

To calibrate theu(IM) algorithm, a set of nonlinear time-history &ses can be performed using a set of
(unscaled) ground motion records; for each grountan record, the MR damper is fed with a rangeaifage
values (Odnax With a given ste@\u), always keeping the input voltage constant fer whole duration of the
event. For each ground motion, the value of thieiht EDPs is computed (for each voltage) andbiitenal
value of voltageu,,: — the one leading to the minimum expected loss re¢orded. Eq. (5) is used to estimate
each component expected loss (at each story) @sctidn of the EDP (corresponding to a given gromudion
record - characterized by a given IM and voltagee)gand to seleai, for the given IM. Robust regression can
be finally used to fit an analytical control modelthe obtained (IMu,y) values.

Egs. (3) and (4) can be used to estimate the coemp@xpected loss (at each story) and the totadae
loss as a function of the level of intensity IM.iJhesult can be used to compare the expecteddoskfferent
control strategies for different hazard levels tesl the effectiveness of the proposed integrdietween smart
passive MR damper and EEW.
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4. Case-study

A numerical example is presented in this sectiofiustrate how to implement the loss-based cordtgbrithm

for MR dampers combined with EEW, as discussed ebdlie numerical example consists of a scaled three
story building structures modelled in Simulink® asimple three-degree-of-freedom shear frame. fitted
with an MR damper connecting the ground and ficzirf(Fig. 4a). The location(s) for the control dms in the
structure could be changed to optimize the stratferformance but the particular topology showFRim 4a is
adopted because it has been widely used by otkearehers testing different control strategies ewipy MR
dampers in the past (e.g., [12]). The structureaiasmdamental perio®; equal to 0.2s.

The MR damper used in this study is a small-sc@@0BI prototype similar to the one used by Dykel et a
in [10]. It is based on a commercially availablevide. Although small by civil engineering standards
experimental test data and model validation stugiesavailable in the literature (e.g. [12]) whaduld be used
to calibrate our model. The input current for tlensidered damper is 0-1 amp, which is proportidoahn
applied voltage input of 0-3V. The MR damper andtoad model used in this paper have a maximum geltaf
2.25V (0.75 amp) as the experimental data availsingests saturation above this value.

The modified Bouc-Wen model shown diagrammaticadlyig. 4b is a general parametric mathematical
model that allows general hysteresis behaviorset@imulated. Many previous studies on MR damperg ha
shown that it can model accurately their hysterbttavior [17], therefore it was chosen in thisdgttio
simulate the device. The model parameters of theddRper governing equations are function of thdiegp
voltage, u. Details on the MR damper parameters used in gmwlation are those used in [12]. Force-
Displacement and Force-Velocity plots of the Boucedl were shown in Fig. 1.

X3
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my, ko

)
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Fig. 4 — Case-study structure (left); Modified Baten model for MR dampers (right).

A set of 150 unscaled ground motion records from $HIMBAD database (Selected Input Motions for
Displacement-Based Assessment and Design [24§)sed as input for the nonlinear dynamic analysithef
case-study structure. SIMBAD includes a total of #i6-axial accelerograms, consisting of two honitad (X-Y)
and one vertical (Z) components, generated by 180dwide seismic events The database includesahall
crustal earthquakes with moment magnitudes (M)irgnfyom 5 to 7.3 and epicentral distances B5 km. The
specific subset of records considered here proadaatistically significant number of strong-maticecords of
engineering relevance for the applications preskitethis paper. Those records cover a wide rarige o
magnitudes, source-to-site distance and soil tgpeksare selected by first ranking the 467 recandgrims of
their PGA values (by using the geometric mean ef tivo horizontal components) and then keeping the
component with the largest PGA value (for the 1fafiens with highest mean PGA).

The spectral acceleration at the fundamental perfidde hosting structures, (T, ), was the selected IM to

calibrate the proposed loss-based control algorithonthis aim, in each time-history analysis (ifer, a given
ground motion input), the MR damper is fed withaage of voltage values, always keeping the inpltage
constant for the duration of the motion. Ten comthanltages from 0 V to 2.25 V in 0.25 V steps are
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considered. Around 1,500 dynamic analyses are ieei in total. For each analysis, 9 different ERiPs
recorded (for each voltage) and the optimal valuetiageu,,: — the one leading to the minimum expected loss
as computed using Eq. (5) — is identified. The Eb&ssidered are: 1) peak displacement (over timegéch
story; 2) peak inter-story drift ratio (over tim&r each story, as the largest difference betwéenlateral
displacements of two adjacent floors, divided by tieight of the story (denoted as IO& storyi-th); and 3)
peak acceleration (over time) for each story (dethets PFAfor storyi-th).

Fig. 5 shows how the EDPs — IDR at the first s{éiig. 5a) and PFA at the third story (Fig. 5b) vaiith
the input voltage for two generic ground motionarels. As could be anticipated, each EDP has a figpeci
variation with the input voltage so that the votaglue minimizing each EDP is not necessarilystirae for all
EPDs. From the simulation results obtained, th@raph voltage value in terms of IDR is usually theximum
possible voltageu,.y) as shown in Fig. 5a. However the dependence éf With the input voltage is quite
variable and the optimum voltage is strongly IM-degent as illustrated in Fig. 5b. By combining thes
conflicting demands into a single performance \VAeiathe proposed loss-based approach offers arfpdwe
control tool.

The story-based approach defined in Eqgs. (3-5)imegul) that the replacement value of the entire
building can be distributed among each story arch dgpe of building components in the structured &)
damage functions relating the EDPs to the mondtay of the entire story. Regarding point 1), foe tase-
study building used here, assumptions are madeoontte replacement value is distributed amongtises
and components. Specifically, it is assumed thatttital value is uniformly distributed across &k tstories.
Each story's value is distributed into the threlegaries of components described above assuminigltbering
value breakdown: (1) 0% for drift-sensitive struelucomponents (for simplicity); (2) 50% for drgensitive
non-structural components; and (3) 50% for acctteraensitive components. Regarding point 2) fitlsé step
is to define the damage states associated witbaimponent. Definition of damage states is baseth@rourses
of action that need to be taken after observing damage state in the component. Fragility fundtifor each
category of component are based on HAZUS. Fortilitise purposes, only one damage state, correspgpital
complete damage, is considered for generic nomitstral components in office buildings. The fragilit
functions used for these components are showrginGai (drift-sensitive) and 6b (acceleration-sérs)jt

— 1

, —GM #5 | (a) I )
0.9 oM 493 0.9
0.8 —
0.7
< 0.6l
< o
O 0.4f A uw U
t
0.3t ] — 03 ° opt
0.2 opt ] 0.2 ]
oAl \\‘, oAl —GM #5
p N o |-GM#zs
0 02505075 1 1251.51.75 2 2.25 0 02505075 1 125151.75 2 2.25
Voltage (u) [V] Voltage (u) [V]

Fig. 5 - Example of EDPs vs voltage curves andhagitivoltage values for two generic ground moticrords:
(a) IDR at the first story; (b) PFA at the thirdst

Fig. 7a shows how the normalized expected loss fatitwo generic ground motion records varies with
the input voltage. From these curves, a singlenopti input voltage can clearly be identified andorded for
each ground motion (and associated IM); Fig. 7bashiine optimal voltage as function @‘a(Tl). The curve

shown is obtained by fitting the cloud of points tmpust regression. Each point represents thedptsium
voltage value for a given ground motion (i.e. INThis graph is key to calibrate the optimal congrigjorithm. It
shows that for this particular case-study, for évemith Sa(Tl) < 0.25¢, the loss-optimum voltage to drive the
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MR damper is the minimum value (0 V). For O.ZSQSg(Tl) < 0.7g, the optimum values are fitted to the

relationship indicated in the figure, whereas @(Tl) > 0.7g, the loss-optimum voltage input should be the
maximum value (2.25 V).

Drift-sensitive, generic non-structural component Acceleration-sensitive, generic non-structural component
1 w w w w w w w w w 1
a b
AO.Q’ (@) Ao_g, (b)
0.8 0.8
g 0.7¢ g 0.7t
806 S 0.6t
20.5; 20.5¢
[0) 5]
TE:.OA* ?53.0.4*
8 0.3r 8 0.3+
a 0.2 a 0.2r
0.1+ 0.1r
% 1 2 3 4 5 6 7 8 9 10 % 05 1 15 2 25 3 35 4
IDR [%] PFA [g]

Fig. 6 - Fragility functions for complete damage (@) drift-sensitive, generic non-structural coment (in
office buildings); and (b) acceleration-sensitigeneric non-structural component (in office buitgih
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Fig. 7 - (a) Example of loss vs voltage curves apiiimal voltage values for two generic ground motiecords;
(b) optimal control algorithm.
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Fig. 8 - Comparison of different control algorithifios the case-study structure in terms of los®regi IM.

10



16" World Conference on Earthquake Engineering, 16 WQ&E7
Santiago Chile, January 9th to 13th 2017

Fig. 8 shows the loss ratio in terms Sj(Tl) for the three different control strategies desailat the end of

section 2. It illustrates how a loss-estimatiomfeavork allows control algorithms to be compared. ths case
study, the best performing control strategy (imgiof loss) for all IM is the 'SA+EEW' one (reddjn The 'SA
ICA' (blue line) is a fairly close second, wherehs passive mode (green line) performs much mooglypo
Therefore the proposed methodology (‘'SA+EEW') mlesithe best response of the structure (in terrtossés)
compared to the chosen semi-active and passivegita.

5. Conclusions

This paper shows how MR dampers can be integraiddan EEW system to control just-in-time the dymam
characteristics of a structure to achieve an optiesponse against seismic forces. The “smart-ypelsstrategy
sets the voltage to a constant optimum value ferdibration of a given event. It is shown how thigimum
value for a given event can be obtained in advadnicmigh a calibration process carried out once fandll
using ground motion records. These are used as fopoonlinear dynamic analyses of the structitted with

MR dampers. By varying the input voltage and recmydelevant EDPs, the loss associated with a giweand
motion and input voltage can be estimated and dlss-dptimum input voltage to the MR damper can be
identified.

The methodology is illustrated on a case-study da@sea three-floor shear frame fitted with one M&nger
between the ground floor and the first floor. Itslsown how the loss estimation framework allowsogerall
optimum voltage value to be identified even thoagbh EDP can be minimized by different voltage ealu

The new SA+EEW strategy is proved to perform beftar terms of losses) against traditional control
methodologies, leading to future potential researckhe feasibility of the proposed control aldamit
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