Preliminary investigation on integration
of semi-active structural control
and earthquake early warning

lervolino I., Galasso C., Manfredi G.
Dipartimento di Ingegneria Strutturale, Universita degli Studi di Napoli Federico |l
via Claudio 21, 80125 Naples, Italy

eMail: lunio.iervolino@unina.it, carmine.galasso@unina.it, gaetano.manfredi@unina.it

1. Introduction

Earthquake Early Warning Systems (EEWS) are
tools for real-time seismic risk management.
EEWS potentially enable different possible risk
mitigation actions, to be carried out when an
alarm is issued, depending on the amount of
lead-time available (defined as the warning
time between the alarm and the strike at the
site of interest). Examples of such actions, clas-
sified according to the lead-time required to
be undertaken, are reported in Figure 1 for
the Campania region (southern Italy) which
is provided with a regional EEWS, the Irpinia
Seismic Network (ISNet) comprised of 29 seis-

mic stations with real-time capabilities (Weber
et al., 2007).

In epicentral areas, only a few seconds of
warning time is available, and an EEWS can
only be used to trigger automated decision
and risk mitigation procedures (i.e., the lead-
time is too short to allow for manned opera-
tions). This is the case, for example, of the
Campania region where the most hazardous
seismogenetic sources zone is close to dense-
ly urbanized areas and time-consuming securi-
ty actions, as evacuation, may be unfeasible.
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Figure 1: Information-dependent lead-time maps for the Campania (southern lItaly) region and possible risk reduction

actions (lervolino et al., 2009)
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Some studies discuss, as an engineering appli-
cation of EEW, especially in areas where the
available lead-time is low, the semi-active con-
trol of structures; i.e., the building can change
its dynamic properties within a few seconds
(or milliseconds) to better withstand the
impending ground motion (Pnevmatikos et al.,
2004; Occhiuzzi et al., 2008). The combined
use of EEWS and structural control may reduce
the structural vulnerability of specific systems,
for example, critical buildings which have to
be operable for emergency management pur-
poses right after the event; e.g., hospitals, fire
stations, or lifelines.

Currently, integration of structural control and
EEWS relies substantially on semi-active
devices. However, the key issue in the applica-
tion of early warning to structural control is to
account for the uncertainty in the estimation
of the event's features the EEW is based on,
because the efficiency of such systems
depends on the quality of pre-arrival ground
motion information provided.

In this paper, some very preliminary results
related to a feasibility study about structural
control integrated with hybrid EEWS (lervolino
et al.,, 2006), are presented and discussed.
Although, interaction between earthquake
early warning and structural control is a sub-
ject which still requires substantial investiga-
tion to be addressed.

2. Background

Recent efforts of real-time seismology on rapid
assessment of earthquake magnitude and
location enable to provide an estimate of the
event's features from a few seconds to a few
tens of seconds before the ground motion
arrives at a specific site. Then, when an event
is occurring, probabilistic distributions of mag-
nitude and source-to-site distance are avail-
able. Consequently the prediction of the peak
ground motion at the site (or spectral ordi-
nates), conditional on the seismic network
measures, may be performed in analogy with
the well known probabilistic seismic hazard
analysis (PSHA); e.g., lervolino et al. (2006)

and Convertito et al. (2008). This results in
time-dependent hazard curves which may be
used as a support tool for automated decision
making in order to reduce the expected loss of
specific structures/infrastructures in the frame-
work of performance-based earthquake engi-
neering (PBEE), even in those cases where lim-
ited lead-time renders evacuation unfeasible.
However, real-time peak ground motion pre-
dictions are performed in very uncertain con-
ditions which both refer to the real-time esti-
mation of source parameters and traditional
uncertainties involved in PSHA.

2.1 RTPSHA

Seismologists have recently developed several
methods to estimate the magnitude (M) of an
event given limited information of the P-waves
for real-time applications. Similarly, the source-
to-site distance (R) may be rapidly determined
by analyzing the time and order of the seismic
stations detecting the developing earthquake.
Therefore, it is possible to assume that, while
the event is still propagating, estimates of M
and R are available, and the peak ground
motion at the site can be predicted via the
probabilistic seismic hazard analysis condition-
al to the real-time information given by the
seismic sensors network. In fact, assuming
that at a given time t from the earthquake’s
origin, the seismic network can provide a vec-
tor of measures informative for the magni-
tude, T={1, 1, ..., 7.}, the posterior probabil-
ity density function (PDF) of M conditional to
the measures, f(m|z), may be obtained via
the Bayes theorem, as in Eq. (1):

In the Bayesian framework f(m), the a priori
distribution, is used to incorporate the infor-
mation available before the seismic network
performs the measurements. Then, in this
application, a natural candidate for f(m) is the
truncated exponential, derived by the Guten-
berg-Richter relationship typically used in the
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classic hazard analysis. The parameters
{B, Mmin, Mmad Of Gutenberg-Richter relation-
ship are dependent on the seismic features
of the region under study and will be
assumed for the Campania region equal to
{1.69, 4, 7}.

The joint PDF f(z | m) is the likelihood function.
It is used to incorporate into the analysis all
information on M contained into the real-time
data. Under the hypothesis that the t-meas-
urements are s-independent and identically
distributed lognormal random variables it may
be formulated as in Eq. (2).

The parameters in Eq. (2) may be, for exam-
ple, the mean, w,», and the standard devia-
tion, oy, (4, Of the log of the predominant peri-
od of the first four seconds of the P-waves
retrieved from the study of Allen and
Kanamori (2003), Eq (3). Combining Eq. (2)
into Eq. 1, the posterior PDF of the magnitude
results that of Eq. 4, which depends on the
measures onlv via the summation of the
logs, 7= .In(z,) and n.
i=1
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Regarding the source-to-site distance, because
of rapid earthquake localization procedures, a
probabilistic estimate of the epicenter may
also be available. For example, during an
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earthquake, the algorithm developed by Satri-
ano et al. (2008) allows to assign to each
point of a grid, defined in the region where
the network operates, the probability that the
hypocenter is coincident with that point based
on the sequence according to which the sta-
tions trigger, s=1{sy, S, ..., s,}. Consequently,
also the PDF of R, f(r|s), may be retrieved in
real-time. Thus, it is possible to compute the
probabilistic distribution (or hazard curve) of a
ground motion intensity measure at a site of
interest as in Eq. (5), which also requires an
attenuation relationship, f(im | m, r), available
for the chosen IM. This procedure will be
referred to as RTPSHA and may be used to
predict, for example, of peak ground acceler-
ation (PGA), Eq. (5), or spectral ordinates. The
subscript (n) in the left-hand side of Eq. (5)
means that the computed hazard curve refers
to a particular set of triggered stations and,
therefore, evolves with time.

f.(pgalz,s)
= [ [f(pga|m,r)f(m|z)f(r|s)dmdr (5
MR

When the hazard integral of Eq. (5) is com-
puted (i.e., the prediction of the IM at the tar-
get site is obtained) the decision whether to
issue an alarm or not is taken. The alarm
issuance implies a decisional rule. For example,
assuming that the predicted IM is the PGA, a
simple one consists of issuing the alarm if the
risk that the critical peak ground motion value
(PGA) will be exceeded in the strike, is larger
than a probability threshold (P.), Eq. (6).

Allarm if
PGA.

1— [ f.(pga) doga =P[PGA>PGA_ 1>P. (6)
0

For structural application of EEWS, the predic-
tion of structural response in terms of an Engi-
neering Demand Parameter (EDP), rather than
in terms of a ground motion IM, may be of
larger concern. This requires a further integra-
tion to get the PDF of EDP:

f.(edp|z,s)= [ fedp|im)f,(im|z,s)dim (7)
M



where the PDF, f(edp | im), is the probabilistic
relationship between IM and EDP, and may be
obtained, for example, via non-linear incre-
mental dynamic analysis which was also devel-
oped for controlled structures (Barroso and
Wintersein, 2002). Obviously, this approach
can be extended further to predict the expect-
ed loss in a structure conditional on the
measures of the seismic instruments, and this
contains the highest level of information
for alarm issuance decision (lervolino et al.,
2007).

2.2 ERGO: a prototypal EEW terminal.
RTPSHA above was implemented, in a simpli-
fied form, in ERGO (EaRly warninG demO)
which is a visual terminal developed to test
the potential of hybrid EEWS (Festa et al,
2009). The system was developed by staff
of the RISSC lab (www.rissclab.unina.it) and
of the Department of Structural Engineering
of the University of Naples Federico I
(www.dist.unina.it) under the umbrella of
AMRA scarl (www.amracenter.com). It was
installed in the school of engineering of the
University of Naples Federico Il on July 25
2008 and continuously operates since then.

ERGO processes in real-time the acceleromet-
ric data provided by a part of the sensors of
ISNet and it is able to perform the RTPSHA
and eventually to issue an alarm in the case of
events occurring with magnitude larger than 3
in the southern Appennines region. ERGO is
composed of four panels (Figure 2):

1. Real-time monitoring and event detection.
In this panel two kind of data are given: (a)
the real-time accelerometric signals of the
stations associated to the EEW terminal,
shown on a two minutes time window; and
(b) the portion of signal that, based on a
signal-to-noise ratio determined the last
trigger (i.e., event detection) for a specific
station (on the left). Because it may be the
case that local noise (e.g., traffic or wind)
determines a station to trigger, the system
declares an event (M larger than 3) only if at

least three station trigger within the same
two seconds time interval;

2. Estimation of earthquake parameters.

This panel activates when the first panel
declares an event. If this condition occurs
the magnitude and location are estimated
in real-time as a function of evolving infor-
mation from the first panel. Here the
expected value of the magnitude as a func-
tion of time from the origin of the detected
event and the associated standard error are
given. Moreover, on a map where also the
stations are located, it shows the estimated
epicenter, its geographical coordinates and
the origin time;

3. Lead-time and peak-shaking map.

This panel shows the lead-time associated
to S-waves for the propagating event in the
whole region. As a further information, on
this panel the expected PGA on rock soil is
given on the same map. As per the second
panel, this one activates only if an event is
declared from panel 1 and its input infor-
mation come from panel 2.

4. RTPSHA and alarm issuance decision.

This panel performs RTPSHA for the site
where the system is installed based on
information on magnitude and distance
from panel 2. In particular, it computes and
shows real-time evolving PDFs of PGA at the
site. Because a critical PGA value has been
established for the site (arbitrarily set equal
t0 0.01 g) the system is able to compute the
risk this PGA is exceeded conditional to the
estimates for the ongoing event as a func-
tion of time. If such a risk exceeds 20% (i.e.,
the decisional rule of Eq. (6)) the alarm is
issued and a otherwise green light turns
into red. This panel also gives, as summary
information, the actual risk that the critical
PGA value is exceeded along with the
lead-time available from the site and the
false alarm probability.

Figure 2 refers to a real event detected and
processed in real-time by ERGO on November
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Figure 2: The ERGO EEW terminal
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2008. The system estimated the event as a

M 3.1 earthquake located close to Potenza (a
town capital of the Basilicata region), with an
epicenter 115 km far from the site. Because
the event was a low-magnitude large-distance
one, the risk the PGA: could be exceeded
was negligible and the alarm was, correctly,
not issued. Finally, note that ERGO is a visual
panel only for demonstration and testing pur-
poses, but it may be virtually ready be con-
nected to devices for real-time automated
risk reduction actions.

3.

EEWS and control systems for seismic

protection of structures

The three major classes of control systems for
protecting structures subjected to ground
motion are: (1) passive, (2) active, and (3) semi-

active (e.g., Symas and Constantinou,

1999;

Soong and Spencer, 2002).

1. A passive control system is based on the
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motion of the structure (e.g., the relative
motion within the passive device) to devel-
op the control force, and does not require
an external power source to operate. Such
systems basically reduce the seismic

demand on the structure either increasing
the energy dissipation potential and/or
changing its fundamental oscillation period
moving it away from the most energetic fre-
guency content of ground motion (i.e., seis-
mic base isolation). Note that when dealing
with passive control, design usually means
fixing a set of boundary conditions and
choosing a device optimized for that set
of conditions (in other words passive sys-
tems need to be designed according to an
expected scenario of the seismic action).
Then, it is hard to integrate EEWS with pas-
sive control systems.

An active control system supplies control
forces based on feedback from sensors
(located on the structure) that measure the
excitation and/or the actual response. The
recorded measurements from the response
and/or excitation are monitored by a con-
troller (@ computer) which, based on an
algorithm, operates the actuators produc-
ing the forces. The generation of control
forces by electro-hydraulic actuators
requires power sources on the order of tens
ok kilowatts for small structures and may



reach several megawatts for large struc-
tures. Active control strategies are based on
information about the full waveform or
structural response which can't be predict-
ed by an EEWS, although site-specific EEWS
(see Kanamori, 2005) may be potentially
used to prepare the system when the earth-
guake is about to strike at the site of the
structure.

3. A semi-active (SA) system develops control
forces based on the feedback from sensors
that measure the excitation and/or the
response of the structure (Figure 3). How-
ever, the control forces are not realized, as
in the active case, by actuators, but rather
by modifying, in real-time and according to
a preselected decisional rule, the mechani-
cal characteristics of special devices (SA
links). The energy required for the modifica-
tion of the basic parameters of the devices
is minimal, generally on the order of tens of
watts, and may be furnished even by a sim-
ple battery (e.g., to open/close of a valve).
Control strategies based on SA control com-
bine the best features of both passive and
active control systems offering the adapt-
ability of active systems (without requiring
the associated large power sources) and the
reliability of passive systems. For these rea-
sons, SA control strategies, seem to have a
potential in seismic protection of structures
and infrastructure in combination with an

EEWS. In fact, as shown in the following,
for ON-OFF SA systems (i.e. SA system
which can assume only two states of oper-
ation) the decisional rule (i.e. the decision of
activating the control system) may be for-
mulated on the basis of a single parameter
representative of earthquake potential
rather than the full waveform.

3.1 Fluid viscous dampers for EEW-based
semi-active structural control

One means of achieving a semi-active damp-
ing device is to use a controllable valve to alter
the resistance to flow of a conventional
hydraulic fluid damper. Semi-active fluid vis-
cous dampers typically consist of a hydraulic
cylinder containing a piston head which sepa-
rates the two sides of the cylinder. As the pis-
ton is cycled, the fluid within the damper (usu-
ally oil) is forced to pass through small orifices
at high speeds. The pressure differential across
the piston head, and thus the output force, is
modulated by an external control valve which
connects the two sides of the cylinder.

If the device is characterized by only two
states (e.g., the valve can only be open or
closed) the system is referred to as an ON-OFF
SA system, otherwise if the mechanical para-
meter of the device can assume any value in a
certain range (e.g. the valve opens and closes
gradually) the system is referred to as a con-
tinuous SA system.
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Figure 3: Block diagram of semi-active control systems (adapted from Soong and Spencer, 2002)
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Although more complex models are available,
the dynamic behavior of the fluid dampers
over the frequency range of interest for struc-
tural control applications, may be described
based on a simple phenomenological model
consisting of a linear viscous dashpot with a
voltage-dependent damping coefficient, Csa(u)
The force output, F, is thus described by:

F=Calu) - % (8)

where X is the relative velocity of the piston
head with respect to the damper housing and
u is the command voltage. The damping coef-
ficient of Eqg. (8) increases if the command volt-
age decreases and it is bounded by minimum
and maximum values corresponding to the
open and closed valve positions respectively,
Eg. (9). The response time for modifying the
variable damper from higher-to-low or low-to-
high damping is generally less than 30 ms.

valve closed & C,(U) = C,ay 9)

valve open < Cq,(U) =Cpin

In the EEW prospective, once a prediction of
a seismic demand parameter for a structure
of interest is available, a decisional condition
has to occur to issue the alarm (i.e. to acti-
vate the device). For example, the device
may be activated if the expected value,
E[EDPuncontrolied | Z, 51, Of the structural response
variable exceeds a critical threshold EDPc,
Eg. 10. The expected value of the chosen EDP
may be computed as in Eq. (11) extending the
RTPSHA concept.

(a)

1‘:'\-“\'#,“**«‘—«\,‘“«-

Coalu) = ¢, (i.e. Device ON)

if  E[EDP, controtied | Z,5]1= EDP.
Ceulu) = ¢,y (ie. Device OFF)

if  E[EDP, controned | T.5]1 < EDP.

En [EDPun(omroHed |Il §] =

j ,[ edpun(onrro//ed f(edpuncomrolled | Im) fn (/m | L§) dEDP diM
EDPIM

(1

4. Example of basic interaction of EEWS
and SA structural control

Let's consider a reference structure modeled as
a T=0.6s single degree of freedom (SDOF)
system with an elastic-perfectly-plastic behav-
ior and a yielding moment of 200 kNm. The
structure may be representative of the simple
one storey/bay frame in Figure 4a equipped
with a bracing system including variable vis-
cous dampers operating in ON-OFF SA mode.
Similarly, the SDOF can describe a simple
bridge with a deck free to move via rolling
bearings at one side and constrained to the
pier by additional devices in the other one
(Figure 4b). In the uncontrolled configura-
tion, the semi-active damper has the control
valve fully open, and thus the damper
produces no control force. In the controlled
configuration, the control valve is held fixed
in the closed position (i.e., in a high damp-
ing configuration).

The considered EDP related to structural dam-
age is the interstorey drift ratio (IDR) as a func-
tion of the PGA. To get a relationship between
IDR and PGA for the case-study structure
incremental dynamic analysis (IDA) was carried

pessarisasasm

e

Figure 4: Examples of controlled structures which may be modeled as controlled SDOF systems
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out (Vamvatsikos and Cornell, 2002). As an
additional EDP, which may be of concern in
the case one is interested in the response of
non-structural elements, the peak floor accel-
eration (PFA) was also considered. Then, the
(IDA) was also retrieved for the PFA as a func-
tion of the PGA'. Results in terms of IDR and
PFA obtained by these simulations have been
used to get a probabilistic representation of
the seismic demand conditioned to the PGA,
i.e. the PDF of Eq. (7) and Eq. (11).

The expected values of the chosen EDPs were
computed via Eqg. (11), as a function of the
information provided in real-time by the EEWS
(f.im | z,s) was obtained by applying the
methodology described in section 2.1). To this

aim it was supposed that the structure is in the
Irpinia region at 10 km (in terms of epicentral
distance) with respect to the location of an
hypothetical earthquake occurring within the
ISNet (Figure 5).

Note that Eg.(5) and consequently Eq. (11)
depend on n (i.e., number of instruments of
the seismic network have triggered and col-
lected data). All the analyses are conditional to
the fact that the level of information provided
by the EEWS corresponds to 18 triggered sta-
tions out of 29 (i.e., n = 18); e.g., 18 measures
of 7 are available. This is because, as shown in
lervolino et al. (2009), the information on the
impending ground motion stabilizes when
about 18 stations have provided 7 (i.e., the

' In order to obtain the relationship between the predicted PGA and the chosen EDPs in both controlled (damping
ratio & = 15%) and uncontrolled case (damping ratio & = 5%), the non-linear structural model has been subjected
to a set of 21 European ground motion records, each of those scaled to multiple levels of intensity between 0.1 g
and 1g.
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estimation of the PGA, and then of the EDP,
does not benefit much from further informa-
tion provided by additional ISNet stations).
Moreover, since the localization method gives
an about deterministic value of distance after
4 s for an event within the network, which is
shorter than the time to trigger 18 stations,
then the R value has been deterministically
fixed to 10 km and, therefore, the relationship
of the structural response with the information
of the EEWS depends on 7 only and does not
depend on s.

The expected values of both IDR and PFA were
computed for 11 equally spaced values in the
range between 0.5 s and 2 s as suggested by
the relation between and the magnitude of an
even in Allen and Kanamori, 2003. Results of
the analyses are presented in Figure 6a and
Figure 6b. The curves represent the trends of
the EDPs for the specific structure at the given
location. They provide the mitigation of struc-
tural response eventually given by the struc-
tural control (solid curves), with respect to the
as is structure (dashed curves), in the case of
different earthquakes represented by specific 7
values and may be used for design of inte-
grated EEW and structural-control systems.

For the specific case-study, response compar-
isons between the uncontrolled and controlled
structure shows that the peak acceleration and
drift at the top floor may be reduced, on aver-
age, by about 15% and 35% respectively, if
the EEWS triggers structural control? (Figure 7).

5. Conclusions

This paper presented a preliminary discussion
about possible integration of state-of-the-art
early warning systems (hybrid EEWS) and
structural control. The issues associated to the
real-time adaption of PSHA and PBEE for
earthquake early warning purposes were given
first. It was shown how the hazard integral
can incorporate the information provided by a
seismic network about a developing earth-
quake, and how it results in time-dependent
hazard curves which may be used for auto-
mated decision making. A prototypal EEW ter-
minal based on the seismic network (ISNet)
installed in the Irpinia region in southern Italy
was also presented.

Secondly, a procedure to compute the expect-
ed structural response in a EEW framework
was discussed. The key element of the pro-
posed procedure is the development, in real-
time on the basis of the information provided
by the EEWS, of probabilistic seismic demand
curves for a structure equipped with semi-
active control devices. These curve are a first
attempt of tools aimed at the design of inte-
gration of structural control and earthquake
early warning. Nevertheless, cost/benefit and
loss analyses are still required to show the effi-
ciency of such systems with respect to tradi-
tional control and seismic risk mitigation
strategies for structures.
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