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e The system integrates seismic risk predictions and multi-criteria decision-
making

e The system identifies the optimal action (issue or not a warning) for a
given event

e The optimal action can be sensitive to stakeholder risk preferences

e The optimal action can depend on the level of functionality interde-
pendence captured
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Abstract

Earthquake early warning (EEW) systems are used to provide timely alerts
on ongoing earthquakes, which can facilitate important risk-mitigation ac-
tions before potentially damaging seismic waves reach target sites. A major
shortcoming of existing EEW approaches is that the earthquake-related con-
ditions for activating alerts are not generally defined according to a formal
decision-support system (DSS) that accounts for possible risk-based con-
sequences of triggering/not triggering the alarm. This paper exploits a
next-generation risk-informed EEW DSS, which incorporates Multi-Criteria
Decision-Making for evaluating the optimal decision. The proposed DSS
integrates engineering-driven loss predictions associated with issuing/not is-
suing an EEW alert during an event, also considering possible system mal-
functions. The DSS is demonstrated for the strategic Gioia Tauro seaport,
located in the region of Italy with the highest seismic hazard. Real-time seis-
mic risk analyses are conducted for various earthquake scenarios, accounting
for event-parameter uncertainties that are integral to any EEW process and
considering the multicomponent nature of the port as a system of inter-
connected elements. The results of these analyses are used as input to the
proposed EEW DSS along with end-user risk preferences, to evaluate the
optimal decision in each case and to define a series of risk-informed EEW
warning thresholds for the port.
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1. Introduction

The process of earthquake early warning (EEW) typically consists of the
following steps: (1) detecting an earthquake during the early phases of fault
rupture; (2) estimating the characteristics of the ongoing earthquake (e.g.,
in terms of its magnitude, location, and resulting ground shaking at target
locations); and (3) issuing an alert to selected stakeholders that initiates risk-
reduction actions before the arrival of potentially damaging seismic motions
at their locations [e.g., [I]. The available lead (or warning) time between the
alarm notification and the onset of strong shaking at a target site usually
ranges from a few seconds to a few tens of seconds, which can facilitate auto-
matic/rapid mitigation actions; examples include the slowing of high-speed
trains, the activation of shut-off valves in gas pipelines, and the stepping
away from hazardous locations in the workplace [2]. EEW systems operate
in nine countries (including Japan and the USA), and are being tested for
potential implementation in many more regions, including Southern Italy [3].

Many (if not all) existing operational EEW approaches (algorithms) em-
ploy relatively simplistic methods for determining when an alert should be
issued [3]; decisions are typically based purely on a seismological threshold
(such as magnitude or ground-motion amplitude) that are not adequately cal-
ibrated to capture/predict the impact of an incoming earthquake on the built
environment [e.g., [4 5, [6] and do not incorporate risk tolerance on the part
of the end user(s). Maximising the utility of EEW requires the implementa-
tion of a formal decision support system (DSS) that explicitly accounts for
the risk- and engineering-informed consequences of taking or not a particular
risk-mitigation action, including the implications of unnecessarily raising an
alarm, and stakeholder preferences/priorities towards different types of risks
[7]. This paper explores the development of such a risk- and engineering-
oriented EEW DSS for specific application to seaport systems, which act as
crucial nodes that facilitate the critical process of maritime transportation
[8,9]. In doing so, it represents the first attempt to consider and demonstrate
EEW in the context of a port. This type of EEW approach must account
for a complex seismic response across a system of interconnected components
upon which the successful daily operation of a port is dependent (and where
reliability literature has thus far focused) [e.g., 10} 11}, 12} 13} [14].

The examined case study is the port of Gioia Tauro, which is the largest



terminal for transshipment in Italy and one of the most important hubs for
container traffic in the Mediterranean Sea. It is located within the Calabria
region in Italy characterized by high seismicity [I5] and it represents a priority
entry point that could play a crucial role in post-earthquake disaster relief ef-
forts [16,[17]. For these reasons, the port of Gioia Tauro was selected as one of
the testbeds within the 2019-2022 European H2020 project named TURNkey
(Towards more earthquake-resilient URban societies through a multi-sensor-
based informatioN system enabling earthquaKe Forecasting, early warning
and rapid response actions); the multi-sensor TURNkey unit (including low-
cost accelerometers) has been deployed within the port area to facilitate
EEW for this critical infrastructure.

The end-to-end EEW DSS for the port of Gioia Tauro is developed
by leveraging and implementing existing tools, i.e. decision-making algo-
rithms and a seismic risk assessment methodology for port systems, within a
novel harmonized framework. The DSS specifically combine/unifies: (1) the
framework of Performance-Based Earthquake Early Warning, or PBEEW
[18, 19, 20], which uses a probabilistic, engineering-based risk model to
determine whether EEW alerts are triggered; (2) a simulation-based risk
assessment methodology, proposed by Conca et al. [21I], that generates
damage and loss scenarios accounting for the systemic vulnerability of the
multi-component port system and its interdependent functionality; and (3)
a multi-criteria decision-making (MCDM) algorithm [22], that builds on the
engineering-oriented consequence predictions and was previously applied to
a EEW DSS by Cremen and Galasso [7]. The purpose of the MCDM com-
ponent is to account for the risk preferences/priorities of stakeholders across
various dimensions of risk that do not necessarily need to be measured in a
consistent unit.

The developed DSS specifically considers two possible actions, i.e., “trig-
ger” or “don’t trigger” an EEW alarm for an incoming earthquake, which are
evaluated according to different stakeholder-weighted loss/consequence met-
rics that respectively account for their implications in terms of public safety
(potential for casualties) and economic considerations (potential for delays
to port operations). Ground-motion estimates (or proxy indicators based
on early event data) from an EEW algorithm are input to the simulation-
based risk assessment framework, which is used to determine action-specific
loss predictions according to the PBEEW framework. These predictions are
finally coupled with the decision-making algorithm, to identify the optimal
action for the particular scenario of interest.



The paper is organised as follows. Section [2] presents the case study,
describing the main elements of the port and illustrating their interdepen-
dencies, starting from a brief illustration of the interdependency model that
was previously presented in the literature by Conca et al [21]. We then pro-
pose an upgraded version of the Conca et al. [2I] model that accounts for
additional port-component interdependencies. Section [3| describes the de-
velopment and application of the EEW DSS to the port system, including
sensitivity analyses for the application on some main sources of variability
(i.e. the interdependency models and decision-making inputs). The main
findings and potential further developments of this work are finally discussed
in the concluding section.

2. Case Study Description

The seaport of Gioia Tauro plays a strategic role in the maritime trans-
port network of Italy, as the largest terminal for container throughput in the
country. More than one-third of all national transshipment traffic in Italy
takes place at the port of Gioia Tauro, based on maritime traffic data avail-
able across different years on international platforms (e.g. https://www.
contshipitalia.com/en/connectivity; https://www.evergreen-marine.
com/; https://web.archive.org/web/20210415031820/; https://www.msc.
com/). It is also one of the most important transshipment hubs in the
Mediterranean Sea, connecting the global and regional networks that cross
one of the busiest seas in the world. Furthermore, the port is located within
the Calabria region in Southern Italy, which is characterized by the high-
est seismic hazard in the country. Figure (1| displays the seismogenic sources
around the port. In this context, the port of Gioia Tauro plays a key role for
Civil Protection rescue operations [16] by serving as a priority entry point
into a territory potentially affected by strong earthquakes with moderate-to-
large magnitudes.
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Figure 1: Map of the seismogenic areas according to the Database of Individual Seis-
mogenic Sources [23] around the case-study port of Gioia Tauro (black dot in the map),
located in Southern Italy, within the Calabria Region.

The port consists of an artificial channel, 200m (min) - 250m (max) wide
and 3km long, running parallel to the coastline with a 300m wide entrance
and an evolution basin of 750m in diameter [24]. It has eight docks with
extensions of 5,125m and is composed of interconnected structural and in-
frastructural elements that constitute a framework supporting the functional-
ity of the entire multicomponent system. Indeed, a variety of facilities exists
within the seaport of Gioia Tauro, such as different typologies of wharf struc-
tures, infrastructure for cargo handling and storage, utility systems (e.g. elec-
tric power system), etc. A GIS (Geographical Information System) database
of the multicomponent seaport system was built by Bozzoni et al. [24] and
recently updated using data provided by the Port Authority.

This study exclusively considers the highlighted terminals in Figure
used for container operations, in line with Conca et al. (2020). Each port
terminal represents a subsystem of the port and is composed of waterfront
structures (wharves), operating cranes, and the electric power system, which
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is represented in this study as an electric cabin (i.e., substation). The port’s
activities (around ship traffic and terminal handling operations) are super-
vised and coordinated from one central control office, which is also included
in our analyses, along with seven other buildings that house the Port Au-
thority, first responders operating within the port area, such as the firefighter
local unit, etc.
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Figure 2: Map of the case-study Gioia Tauro port, which is a complex system of various
components including wharves, cranes, an electric power system, strategic buildings, etc.
The three main terminals considered in this study, namely Alti Fondali, Levante ABC and
Levante D, are highlighted in the map.

The functionality interdependency model proposed by Conca et al. [21]
for the port - hereinafter referred to as the “original interdependency model”
- is adopted as a starting point in this study. This model incorporates var-
ious levels of interdependencies across the port’s multiple components, and



we exclusively account for those related to container handling operations in
this study. The first considered interdependency involves the cargo handling
equipment and the electric power system. A crane is deemed to be out of
service if it is not provided with power by the corresponding electric cabin
and it does not have a back-up power supply. The second type of interde-
pendency leveraged in this study involves the cranes and the corresponding
waterfront structure on which each crane is located; a crane may be rendered
out of service due to the damage experienced by the wharf along which it
usually operates during cargo handling. We integrate a further level of in-
terconnected functionality in this study, presented in Figure [3] The control
office is a strategic component of the port, since it is used to oversee all of
its operations. If this office is structurally damaged or not receiving power
from the corresponding electric cabin, it is herein assumed that the container
handling operations of the terminals cannot function. We also incorporate
a more realistic characterisation of electricity supply to the terminals than
that of the original interdependency model (according to recently gathered
information on the port), such that the total power across all examined ter-
minals is assumed to be provided by one electric cabin (rather than three).
The complete set of port functionality interdependencies considered in this
work is hereinafter referred to as the “proposed interdependency model”.

Port System

Control Office “ Electric Cabin
| l
Terminal 1 Terminal 2 Terminal 3
| | |
| | | | | |
Wharves » Cranes || Wharves * Cranes || Wharves » Cranes

T

Electric Cabin

Figure 3: Representation of the functional interdependencies among port elements con-
sidered in this study. White boxes and black arrows indicate interdependencies of the
original interdependency model, described in Conca et al. [2I]. Light blue boxes and
arrows indicate additional interdependencies introduced in this study.



3. Development and Application of the Proposed Risk-informed
EEW DSS

This section describes the conception of a risk-informed EEW DSS for
application to a port system, with specific reference to the Gioia Tauro case
study presented in Section [2 Note that in the absence of validated EEW-
and risk-related models that have been specifically designed for the port of
interest, a number of potentially simplified assumptions (details to follow) are
made in the course of this application. This implies that the results of the case
study should be treated as a hypothetical demonstration of the methodology,
with further site-specific data collection/verification required to determine
their validity in a real-life practical implementation of the proposed EEW
DSS. The general workflow for developing the DSS is shown in Figure |4 and
is briefly described as follows:

e Step 1: Identification of EEW actions for mitigating earthquake im-
pacts. Risk-mitigating actions that can be taken when an EEW alert is
issued are defined according to the specific context under investigation
(e.g., the potential strength of incoming shaking, the available lead-
time, stakeholder perspectives, etc.) and the end-user-specified target
structures/infrastructure to be protected. Possible actions include acti-
vating sirens to evacuate buildings and shutting down electrical systems
to avoid damage (from fires or otherwise) /minimize post-event disrup-
tion.

e Step 2: Quantification of event estimates, using an EEW algorithm.
EEW algorithms typically translate input parameters related to early
seismic signals of ongoing earthquakes into estimates of relevant event
characteristics (magnitude and location) and/or related ground-motion
Intensity Measures (IMs). Event estimates are characterised by some
bias and uncertainty, given the empirical/analytical nature of the algo-
rithms and the fact that the EEW parameters evolve in time [25].

o Step 3: Risk assessment of the port system. This assessment con-
nects the previous two steps, by evaluating the consequences of the
identified EEW mitigation actions (plus the case of taking no action)
according to the estimated earthquake characteristics provided by the
EEW algorithm, also accounting for potential system malfunctions (i.e.,
false/missed alerts).



o Step 4: Application of the decision-making algorithm. The decision-
making algorithm translates the consequences computed in the previous
step into appropriate decision metrics, from which the optimal decision
(i.e., issue or do not issue an alarm) is computed.

e Step 5: Definition of optimal decision thresholds. The previous three
steps are repeated across a range of earthquake scenarios, to calibrate
optimal decision thresholds, i.e., the conditions under which the op-
timal decision switches from not issuing to issuing the alarm. These
thresholds can be expressed in terms of different seismological metrics
that are output/used by the EEW system, including IMs, magnitude-
distance pairs, or the raw parameters that act as inputs to conventional
EEW algorithms. The thresholds can be computed offline and stored in
a database/lookup table, for efficient real-time decision making during
an earthquake.

Step 1: Identify EEW actions

@ Step 2: Quantify EEW event estimates

y

@) Step 3: Assess risk for the port system

A 4

@ Step 4: Apply decision-making algorithm

A 4

@Step 5: Define optimal decision thresholds

Figure 4: Workflow proposed in this study for developing a risk-oriented DSS for an EEW
system at a port.

3.1. Step 1: Identification of EEW actions for mitigating earthquake impacts

EEW actions for the port of Gioia Tauro were identified in consultation
with the port’s infrastructure manager, who is a potential end user of the
EEW system. The first action identified (Action #1) was the automatic is-
suance of siren warnings (potentially including pre-recorded messages) that
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alert port workers to take rapid safety measures, such as Drop, Cover and
Hold On [26]. The second identified action (Action #2) was the automatic
shut-down of the port’s electric power system, which could potentially elimi-
nate the threat of earthquake-induced fires that may cause large disruptions
to port operations, given the complex interconnected nature of its compo-
nents. It is assumed that both actions would be carried out if an alert was
issued. Note that since an EEW system does not yet operate at the port,
the aforementioned actions were determined without consideration of poten-
tial lead times. However, typical times required to perform Action #1 and
Action #2 are less than 10 seconds [e.g., 27, 28], which is in line with the
potential amount of EEW lead time available in Italy [29)]

3.2. Step 2: Quantification of event estimates, using an EEW algorithm

We consider a series of different algorithms in this study. The first two
are idealised models (Algorithm #1 and Algorithm #2), which are respec-
tively able to estimate the associated ground-shaking IMs in terms of ground-
motion amplitude (im), and the magnitude-location (i.e., source-to-site dis-
tance) parameters (M* — R*) of the incoming earthquake, with no bias or
uncertainty. Let d denote current (early) knowledge on an incoming event
provided by measurements on a series of seismic instruments. Thus, d = im
for Algorithm #1 and d is equivalent to the (M* — R*) couple for Algorithm
#2.

The final considered algorithm (Algorithm #3) more realistically reflects
the capabilities of current operational EEW systems, which generally pre-
dict event parameters based on early physical measurements recorded at
near-fault seismic stations. Algorithm #3 specifically involves the following
Bayesian formulation developed in Iervolino et al. [25], which estimates the
magnitude of the incoming event based on the predominant period measured
in the first four seconds of a P-wave recording (7;):

62“111 (r) 2tz In(mi) —nu, (7)/2‘71%1(7) e—Bm

f(ml|d) = f(m|7) = (1)

f]f;[maz 62#111 (r) Z?:1 ln(n)fnu?n(7_)/20'12n(7_)€_,3m dm
where f(m|7) represents the probability density function (pdf) of the in-
coming earthquake’s magnitude, conditional on the geometric mean of the
algorithm’s input parameters measured across n stations (7). The lognor-
mal parameters for 7 are obtained from the magnitude-scaling relationships

derived by Allen and Kanamori [30], i.e.,
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m — 5.9
n(r) — 2
Hin (1) 710310(6> 2)
and
0.16 (3)
log;o(e)

B =1n(10)b, b is the slope of the Gutenberg-Richter relation, and M,,,, and
M in are respectively the maximum and minimum considered magnitudes.
Herein, we take § = 1.56, M4, = 7.6, and M,,;, = 4.3, which are the pa-
rameter values associated with the relevant zone 929 of the Italian seismic
source model [15, B1]; M, and M., are assumed to correspond to moment
magnitude values in this case, in line with Picozzi et al. [32]. We assume
that Algorithm #3 can estimate location accurately and with certainty (i.e.,
that the information provided by n seismic stations can be used to directly
compute the correct site-to-source distance R*), which is a reasonable sup-
position even for practical EEW approaches to event estimation [25].

Oln(r) =

3.3. Step 3: Risk assessment for the port system

This assessment separately considers the consequences to the port facility
associated with taking no action and issuing an alarm.

3.3.1. Risk assessment for the “no alert” case

If no EEW alarm is issued, the consequences of the impending ground
shaking can be predicted using a well-established seismic risk assessment
methodology. We leverage the simulation-based risk methodology developed
by Conca et al. [2I] for the port of Gioia Tauro, which incorporates the
functional interconnections of the original interdependency model described
in Section [2l This approach uses Monte Carlo sampling to approximate the
following triple integral for a given scenario earthquake:

E(LM*,R*)/L/DS/Ile(lds)f(dsim)f(imM*,R*)deDSdH\/.(/4>

where E(L|M*, R*) denotes the expected loss for the considered event of mag-
nitude M* with site-to-source distance R*. IMs are first sampled according to
the f(im|M*, R*) pdf, which can be obtained from a Ground-Motion Model
(GMM), for example. The simulated IMs are then used to estimate the
extent of damage (ds) to vulnerable port components, based on appropriate
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fragility relationships represented by the f(ds|im) pdf. Note that fragility re-
lationships for the original interdependency model are largely obtained from
HAZUS [33], in line with Conca et al. [21]; the fragility model for wharves is
instead selected according to Bozzoni and Lai [34]. Information on damage
is translated to port losses (I) using damage-to-loss relationships described
by the f(l|ds) pdf, accounting as necessary for the functional interdependen-
cies of the original interdependency model. We adapt equation [4| for EEW
purposes, by integrating the PBEEW framework proposed by lervolino et al.
[19] as follows:

B(Lyald) = /L /D S /IMz F(l|ds) f'(ds|im) f(im|d) dLdDSdIM  (5)

where the NA subscript denotes the “no alert case”. Both f'(ds|im) and
f'(llds) account for the proposed interdependency model, as well as the seven
additional port buildings considered in this study (see Section ; note that
building fragility functions are those presented in Borzi et al. [35 B36] for
generic 4-story reinforced concrete structures with earthquake-resistant de-
sign that are calibrated based on Italian data. The conditioning vector d
is as defined in Section [3.2] For Algorithm #1, d is equivalent to the peak
ground acceleration (PGA) associated with the incoming event (given the
formulation of the adopted fragility relationships, although other IMs better
correlated with engineering damage could be used if available) and Equation
Bl reduces to:

E(Lyalpga) = /L /D _LFds) P dslpga) dLdDS (6)

For Algorithm #2 (where d is equivalent to the (M*— R*) couple; see Section
, f(im|d) = f(pga|d) is derived from a two-step process. Firstly, PGA
values for rock conditions are simulated according to the hypocentral-distance
version of the Akkar et al. [37] GMM for Europe, which is applicable across
the [Mpin, Mimae] range of magnitudes relevant for the case study. Note
that unknown faulting conditions are assumed, to reflect typical limitations
of EEW algorithms [38], such that the style-of-faulting dummy variables in
the GMM are set to zero. The sampled rock ground-motion intensities are
then modified to account for the local site effects described in Bozzoni et al.
[24], using the simplified approach based on litho-sratigraphic amplification
factors from the Italian Building Code [39]. In the case of Algorithm #3,
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d =7 and f(im|d) = f(pga|d) can be obtained according to:

f(pgald) = f(pgal?) = /M f(pgalm, B) f(m|?) dM (7)

where f(m|7) is computed using equation [I} f(pgalm, R*) is obtained in
the same way as f(pgald) for Algorithm #2, and all other variables are as
previously defined.

We consider two types of loss (L) in this study, i.e., port performance loss
(which measures the total reduction in containers that the port can handle),
and the number of casualties among port workers.

Port performance loss. Port performance loss (Pls) is a risk metric pro-
posed in this study, combining the earthquake-induced daily reduction in
containers that the port can handle Pljos/44y and downtime DT, which rep-
resents the time to repair and restore damaged components of the proposed
interdependency model. 1t is computed for the “no alert” case according to
the following equation:

E(Plloss,NA|d) - E(Plloss/day,NA X DTNAld) (8>

Plioss/day,n 4 1s calculated as the loss of crane capacity in twenty-foot equiva-
lent units per day (TEU; in line with Conca et al. [21]). The jth Monte Carlo
iteration P, ljoss Jday,NA is obtained according to the following set of rules that
form the basis of the proposed interdependency model and are consistent with
the ds-dependent functionality assumptions of the original interdependency

model:

1. An electric cabin is operational if its sampled ds is lower than moderate
(i.e., there is a failure in less than 5% of circuit breakers or disconnect
switches) .

2. A crane is functional if it is receiving an electrical supply, its ds and
that of the corresponding wharf are both lower than moderate (i.e.,
major repairs are not required), and the control office is operational.

3. The control office is operational if its sampled structural ds is less than
moderate (i.e., there is no structural damage) and if it is receiving an
electrical supply.

DTy 4 separately consists of the time required to restore the structural ele-
ments of each terminal, the port’s electricity supply, and the control office.

14



In line with the Pli,g/qay,nva metric, all components with sampled ds less
than moderate are deemed functional (and are consequently assigned 0 days
of downtime). Downtimes used for all other ds are obtained from informa-
tion provided in the HAZUS methodology [40]. ds-dependent downtimes for
the control office are set equal to the “GOV2” (emergency response) occu-
pancy class building recovery times provided in Table 11-8 of HAZUS [40)].
For all other components, downtimes are assigned as the duration until the
first day on which the probability of functionality is 100% according to the
corresponding restoration curve (Table 7-16 of HAZUS [40] is used to deter-
mine crane and wharf restoration curves, and the first row in Table 8-27 of
HAZUS [40] is used to develop the electric cabin’s restoration curve). We
assume that all elements of the same type are repaired in parallel, such that
the jth Monte Carlo simulation of downtime for the kth element type of the
1th terminal is computed as follows:

DTejlement,NA,k’,i = maX{DTglement,NA,k,i,l’ DTe]lement,NA,k,iQ’ te ’DTe]lement,N?,k),i,nk}
9

where ny is the total number of element type k in the 7th terminal. Then,

the total downtime of the 7th terminal assumes that its n. different element

types are repaired in series, as follows:

e
J _ E J
D,'Tterminal,NA,i - DTelement,NA,k,i (1O>
k=1

We assume that each of the considered n; terminals are repaired sequentially,

such that the total downtime attributable to terminals (DT, , terminaly 1) 15
. b
DTt]otal terminal N o = Z DT‘t]erminal,NA,i (11)
i=1
Finally, the total downtime of the port is computed according to:
DTZ]VA = DT;tjotal terminal y o + DTgotal electricy a + Dj—;tjotal buildingn A (12>

is the downtime of the electric cabin and DT}, ;.. dingx A

where DTV

total electricy o
is the recovery time of the control office.

Port worker casualties. The HAZUS casualty module is used for quantifying
the number of port worker casualties (NC').We estimate the total number of
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workers at the port of Gioia Tauro as 1200, based on a previous European
Commission Report [41]. We assume that this number excludes crane op-
erators, is equally distributed among the port’s eight considered buildings,
and consists of 700 indoor and 500 outdoor day (08:00-19:00) workers, where
the latter values are respectively decreased by 60% and 40% for night-time
hours. Indoor (C’Rgndoor’ NAns) and outdoor (C’Rf;utdomq’ NAns) casualty rates
of the sth severity level at the nth building in the jth Monte Carlo simula-
tion are respectively obtained from Tables 12-3 to 12-7 and 12-9 to 12-11 of
HAZUS [40] based on the simulated ds, and assuming a 100% probability of
collapse for the complete damage state to comply with the functional form
of the building fragility functions [35, 36]. Then, the number of port-worker
casualties for the kth building in the jth Monte Carlo simulation is calculated
from:

4 4
J — N § J J § J
NCNA,k - Nindoor,NA CRindoor,NA,n,s + Noutdoor,NA CRoutdoor,NA,n,s
s=1 s=1
(13)

where N, fn door. N4 and N gut door. N 4 T€spectively denote the building’s indoor and
outdoor occupancy number, which is determined from a uniform sampling
of time for each simulation. The number of crane-worker casualties for the
Jth simulation (N Cg‘mne& na) 1s computed as the total number of cranes for
which the sampled ds is extensive. The expected number of total port-worker

casualties in the case of no alarm is finally computed as:

ny
E(NCyald) =Y E(NCyakld) + E(NCeranes,vald) (14)
k=1

where ny is the total number of considered buildings (i.e., 8). E(NCyayx|d)
and E(NCgranes,nald) are respectively the average values of NCY% Ay and

y . .
N Ccmne& 4 across all Monte Carlo simulations.

3.3.2. Risk assessment for the “alert” case

Expected losses that occur in the case of issuing the alarm F(L|d) are
considered to be a combination of: (1) a mitigated quantity of the losses
that would occur for the given earthquake scenario if no alert was issued;
(2) the cost of implementing the associated preventative actions; and (3) the
losses associated with unnecessarily taking action due to a potential system
malfunction. Both (1) and (2) relate to losses that occur in the case of
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a “true alarm”, whereas (3) represents the “false alarm” case. Action #1
(i.e., activating warning sirens; see Section is assumed to eliminate all
building-related non-collapse casualties that would occur in the case of no
alarm, but cause a 1% probability of one casualty in each non-collapsed
building (due to panic) for either a true or a false alarm. Action #2 (shutting
down the electricity supply; see Section is assumed to reduce the damage
that would occur to the electric cabins for the no alarm case by one level, but
to cause downtimes of one day for inspection checks (if an alarm is falsely
issued) and restoring electric power (in the case of either a true or a false
alarm). The combined effect of Actions #1 and #2 are expressed in the
following equations:

8
E(NC4|d) = 0.01 x Z(l — p(Collapse|d)+
. = (15)

Zp(couapsek|d) X E(NCNA,collapse,k|d) + E(Nccranes,NA|d)
k=1

P s Al4) = B ) PP )1 2D X Pl <1
16

where p(Collapse,|d) denotes the probability of the kth building collapsing
for the estimated characteristics of the incoming event, and E(NCx 4 collapse.k|d)
is the expected number of associated collapse casualties calculated for the “no
alert” case. E(Pljy,, vald) = E[(Plui/day — P} 4)40y) X DTy ald] is @ mod-
ified version of E(Pljss nvald) that accounts for reduced levels of damage
to the electric cabins, Pl 4qy is the daily container-handling capacity of
the port under ordinary operating conditions, and PI]_, Jday 18 the (EEW-
mitigated) reduced container-handling capacity due to the incoming earth-
quake. p(FA|d) is the probability of a false alarm, which is assumed to
correspond to the case in which there is no performance loss for the “no
alert” case, i.e., all components that contribute to the container handling
operations are functional. Thus, a false alarm occurs in the jth simulation if
the sampled ds of all electric cabins, cranes, wharves, and the control office
are lower than moderate.
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3.4. Step 4: Application of the decision-making algorithm

We implement an MCDM method to determine the optimal alternative
between issuing or not an alarm for a given set of information about an
incoming event at the port. This particular algorithm facilitates stakeholder
priorities towards multiple dimensions of loss in the EEW decision-making
process.

The MCDM method depends on a set of N, pre-defined criteria set by
the stakeholder, which are measured using quantitative metrics expressed
in their most appropriate and representative units. The decision maker’s
relative priority towards each criterion is also accounted for, using a weighting
scheme. In this case, we assume that the criteria of interest to the stakeholder
relate to maximising port safety and functionality, and the corresponding
metrics are equivalent to the loss types considered in the previous section
(i.e., Pljss and NC' ; see Figure . We leverage the MCDM approach for
EEW demonstrated in Cremen and Galasso [7], which involves constructing
a decision matrix (see Table [I). Each ith row of the matrix corresponds
to an available alternative (in this case, issuing or not issuing the alarm)
and each ijth entry (ry4,.,w;) contains the weighted and normalised value of
the jth corresponding loss metric, which is conditional on d. The optimal
decision is computed using the TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) approach [42] 43], such that it maximises the .S;
value according to:

y.ﬁ
yj Y (

- _ Ne - 2 + _ Ne¢ + 2 _
where 7 = /S0 (0 — raewy)? and = /SN (0] — racu) v
and v are respectively the maximum and minimum values of rAi.cjwj across
Ji p y ,CJW]
all criteria.
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Objective Criteria Proxy Criteria Metric

Maximize the safety of
port workers

Minimize casualties NC

Manage earthquake risk
at the port using EEW Limit port downtime
Maximize port PI
functionality loss
Limit port performance
losses

Figure 5: Graphical illustration of the MCDM inputs used for the case study.

Table 1: Representation of the decision matrix used as part of the MCDM approach applied
to EEW at the port. Note that wpr,,,, and wyc respectively denote the stakeholder’s
relative priority (preference) for maximising port functionality and safety, and all other
variables are as defined previously in the text.

Alternatives Criteria
PI,ss (TEU) NC' (number)
E(Plioss,ald) E(NC4[d)
Alert (4) VE Pl AP+ E (Pl ald? - Thioss JENGaIdR+ BN Al MO
No alert (NA) E(Plioss,4ld) wpr, .. ENCyald) NC

VE(Pligss nald)*+E(Pligss v ald)? VE(NC4|d)2+E(NCy ald)?

3.5. Step 5: Definition of optimal decision thresholds

3.5.1. Main results

We first determine the DSS alert thresholds for each of the three algo-
rithms introduced in Section |[3.2] assuming that the stakeholder of interest
places equal weighting on the Plj,s; and NC' loss metrics (i.e., wpy,,, =
wyne = 0.5). Figure @ to [8 display the thresholds for Algorithm #1 (for rock
conditions), Algorithm #2, and Algorithm #3, respectively, for an incom-
ing event of 10 km depth and using 2000 Monte Carlo simulations for the
risk assessment. Note that we assume equivalent ground-shaking amplitudes
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(on rock) at each port component of interest. This means that the port is
treated as a “point target site”, which is reasonable given its < Skm length
and represents a somewhat average trade-off between a conservative and an
unconservative approach for any given event of arbitrary location, consider-
ing the im/pga values used in equations 4| to m for the port as a point target
are unlikely to be either the maximum or the minimum ground-motion am-
plitudes experienced across the port.

Mean Annual Frequency of Ground-Shaking Exceedance
0.03 0.02 0.01 0.007 0.005 0.002

HAEAXAXXAXXARX XXX AKX XXX

A

XXX XAXRK AKX X

NA

Optimal Decision

0.05 0.1 015 02 025 0.3
PGA(g)

Figure 6: Identifying the optimal decision threshold (under rock conditions) for Algorithm
#1. Note that A is the action of triggering an alarm and N A means that no alert is issued.

20
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Figure 7: Identifying the optimal decision threshold for Algorithm #2, across four potential
epicentral distances (R} ;) for an incoming event. Note that A is the action of triggering

an alarm and N A means that no alert is issued.
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Figure 8: Identifying the optimal decision threshold for Algorithm #3, across four potential
epicentral distances (R} ;) for an incoming event. Note that A is the action of triggering

an alarm and N A means that no alert is issued.

It can be seen from Figure [0] that the alarm is issued for estimated rock
PGA values larger than approximately 0.12 g. We leverage this value to
determine how often the alert might be triggered, using the median site-
specific hazard curve (38.408° latitude, 15.910 longitude®) for rock condi-
tions computed from the INGV seismic hazard model (retrieved at: http:
//essel-gis.mi.ingv.it/mpsO4_eng. jsp). It may be inferred from Figure
[6] that an alarm is expected to be issued approximately once every 100 years.

Figure 7 demonstrates that the magnitude at which an alert is triggered
increases with epicentral distance (R},;), which is explained by the expected
distance-decaying amplitude of ground-shaking intensities (for a given event).
It may be observed that an alarm should be issued for magnitudes near 5
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when R, = 10 km, it should be triggered for magnitudes around 6 when

opi = 30 km, it should be triggered for magnitudes close to 6.5 when R,
50 km, and it should only be triggered for the maximum magnitude (i.e., 7.6)
when R, = 80 km.

The results of Figure 8 assume that n = 30 in Equation [1| (i.e., that an
EEW system implemented for the port would at least consist of 30 stations
located within the immediate epicentral area). Under this condition, it is
found that the alarm should be triggered for 7 2 0.7 when R}, = 10 km,
whereas it should only be triggered for 7 Z 1.8 when R, = 80 km. These
findings are reasonable, given that 7 is positively correlated with magnitude
(which can be inferred from Equation . In a practical application of the
DSS, the threshold values of 7 could be computed offline ahead of EEW
deployment, across a series of possible epicentral distances and n values, to

significantly expedite the real-time decision-making process.

3.5.2. Sensitivity analyses

We investigate variations in DSS alert thresholds relative to the case pre-
sented in Section 3.5.1 (henceforth referred to as “Case 17), for the following
individual modifications to the calculations: (1) wpy,,.,= 0.05 and wye=
0.95 (“Case 2"); (2) wpg,,.,= 0.95 and wye= 0.05 (“Case 37); (4) Pljyss is
not dependent on the functionality of the control office (“Case 4”); and (5)
Pl is only dependent on the functionality of the cranes’ structural com-
ponents (“Case 5”). Results for the five cases are compared in Figure [9 (for
Algorithm #1) and Figure [10] (for Algorithm #2). It can be seen from these
figures that the most conservative and most unconservative thresholds are
produced for Case 3 and Case 5, respectively (note that the same trends in
findings across the various cases are observed for Algorithm #3).
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Figure 9: Sensitivity analyses of the optimal decision threshold (under rock conditions) for
Algorithm #1. All cases are explained in the text. Note that A is the action of triggering
an alarm and N A means that no alert is issued.
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Figure 10: Sensitivity analyses of the optimal decision threshold for Algorithm #2, across
four potential epicentral distances (Rzpi) for an incoming event. All cases are explained
in the text. Note that A is the action of triggering an alarm and VA means that no alert

is issued.

The results of Case 2 and Case 3 indicate that alert triggering is driven
by the P, metric, which is partly explained by the assumption of some
casualties occurring when an alarm is issued and the fact that the probability
of a false alarm (which influences the E[PI},s 4|d] value) reduces to 0 for
PGA values greater than 0.04 g. It is interesting to note that Case 3 would
cause an alarm to trigger approximately three to four times as frequently as
Case 2 and produces a magnitude-based alert threshold that is about one
unit larger than that of Case 2 (across all considered epicentral distances),
underlining the importance of accounting for stakeholder preferences in the
EEW decision-making process.
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The findings of Case 4 and Case 5 reveal that neglecting the complete
set of functional interdependencies among port components creates an op-
portunity for missed alarms, i.e., the alert-triggering threshold can be set too
high. For example, the results imply that an alarm would be issued approx-
imately 50% less often than required if only the structural components of a
crane were considered for computing its functionality (i.e., Case 5) and the
alert threshold would be slightly overestimated (by 0.01 g) if the operational
status of the control office was neglected (i.e., Case 4).

4. Conclusions

This study has proposed a novel risk-informed EEW DSS, for specific
application to a seaport system. The purpose of the DSS is to determine
optimal conditions under which to trigger an EEW alert for an incoming
seismic event, considering tangible engineering-oriented consequences that
the earthquake might have for the port as well as those related to the action
of issuing an alarm. Developing the DSS involves a number of logical steps,
which uniquely unify (1) PBEEW, (2) a simulation-based risk approach that
captures the interconnectedness of the port system, and (3) a decision-making
algorithm that facilitates diverse stakeholder perspectives on different types
of risk.

The DSS was demonstrated by determining optimal EEW alert-triggering
thresholds for the port of Gioia Tauro in Southern Italy, one of the most
important transhipment hubs in the Mediterranean Sea. This application
specifically considered the consequences of port performance loss and casu-
alties, using a number of EEW seismological algorithms to demonstrate de-
cision making on the basis of (1) ground-shaking estimates; (2) approximate
magnitude-distance pairs; and (3) raw early seismic signal data that often
acts as input to operational EEW systems. It was found, as expected, that
the optimal alert-triggering threshold in terms of magnitude increases with
epicentral distance. We also determined that an alert would be triggered ap-
proximately once every 100 years if both consequences were considered to be
equally important to a stakeholder, but this frequency would increase to once
every H0 years if performance losses were prioritised, or reduce to approxi-
mately once every 125 years if casualties were assigned a higher weighting.
These findings emphasise the importance of considering stakeholder (end-
user) risk preferences when calibrating alert thresholds in an EEW system,
and are consistent with the conclusions of Cremen and Galasso [7], which was
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the first study to comprehensively demonstrate the integration of an MCDM
method in an EEW process.

Ports are complex systems that incorporate a number of structural /infrastructural
components with integral functional interdependencies. Our application of
the DSS also explored the importance of these interdependencies in EEW
decision making, by investigating variations in optimal alert thresholds that
arise if some of the port-system interconnectedness is neglected. In particular,
we found that ignoring the operational dependence of cranes on functioning
power supplies, wharves, and the port’s control office can lead to significantly
unconservative results, such that alerts would only be issued half as often as
required. This finding is consistent with those of Conca et al [21], who
demonstrated that neglecting interdependencies among port components in
a seismic risk assessment led to lower predictions of port capacity losses. In
this study, we infer that accounting for the interdependent characteristics of
a port system would be crucial for successful calibration of its EEW system.
It is interesting to note, however, that the sensitivity of the trigger threshold
to functional interdependency assumptions was found to be less than that
due to diverse stakeholder risk priorities. We can therefore conclude (at least
for the case study examined and the particular set of sensitivity analyses
conducted in this paper) that, for correct decision-making with the proposed
EEW DSS, it is more important to gather appropriate information on stake-
holder preferences than accurately characterise the complete set of functional
interrelationships within the port system.

It is important to emphasise that the case-study application illustrated in
this work is for demonstrative purposes only, and is associated with some lim-
itations and assumptions. For example, available lead times were not consid-
ered in the decision-making process; in realistic scenarios, limited lead times
may constrain the type of actions that can be taken for an EEW alert and
may invalidate some of the preventative measures considered in this study.
Secondly, the fragility functions, restoration times, casualty module, and seis-
mological models (e.g., GMM) employed were not explicitly developed for the
target area of interest, which may affect the accuracy of the loss calculations
carried out. A more refined analysis may leverage more region-appropriate
port-related fragility functions [e.g.,[16]. Soil liquefaction, which is a common
occurrence in port areas after earthquakes [e.g., 44], is outside the scope of
this study (although its effects are not anticipated to have a significant influ-
ence on the results [24]). We also neglect detailed ground responses that can
spatially vary across the port (see Conca et al. [21]). Nevertheless, this paper

27



provides useful insights on how a comprehensive evaluation of seismic risk
(adapted to capture real-time event-parameter uncertainties) coupled with a
formal decision-making algorithm can be effectively leveraged to determine
EEW alarm thresholds for the case of a large seaport. The next step will
be to integrate and test the developed DSS within the TURNkey earthquake
early warning platform deployed at the Port of Gioia Tauro, to confirm its
applicability to real-world scenarios.
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