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Abstract: Losses due to strong seismic events can amount to millions or billions of US dollars and
can affect regions for large periods of time, even severely undermining the economy. Earthquake
early warning systems have proven to be helpful tools to mitigate the social and economic impact
on communities and businesses. Recent case studies are briefly described, followed by examples of
proactive measures for assets, infrastructure, citizens education and empowerment, complementary
to earthquake early warning systems.
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1. Introduction

During the last few decades, many efforts were made to create and develop efficient
early warning systems for different hazards. This paper focuses on assessing the perfor-
mance of earthquake early warning systems (EEWS) and their applicability as an asset risk
management tool.

Earthquakes are the sudden release of energy due to rupture on faults and fractures.
The stress released as energy during the rupture has been accumulated due to plate
activity or volcanic activity. Earthquakes can have a wide range of direct and indirect
impacts, including loss of life, damage to public and private properties and infrastructure
as well as tax impacts arising from recovery and reconstruction expenditures and decreased
tax revenues [1].

Earthquake casualties are, in general, the result of the total or partial collapse of build-
ings, and falling non-structural elements (e.g., roof tiles, chimneys, bricks, light fixtures
and ceiling plaster) [2-4]. The higher tolls are usually concentrated in developing countries,
where innovative seismic-resistant and engineering technologies are not applied [5].

Economic loss can also be assessed through the loss of value-owned business as-
sets, items owned, created, or beneficial to businesses that include intangible assets, like
intellectual property and other assets such as for instance infrastructure, buildings, facili-
ties [6]. The concentration of assets in disaster-prone regions increases their exposure to
hazards, leading to necessary actions to strengthen the physical and financial resilience
of these regions to disasters; this has become a policy priority for individuals, companies,
and countries [7].

Business continuity planning is key to protect assets and maintain the ability to supply
goods and services to clients and/or supply chains, to preserve competitiveness and overall
quality, and fulfill legal and contractual obligations [8]. Moreover, statistics suggest that
75% of businesses without a business continuity plan will fail within three years after
a disaster.

CivilEng 2021, 2, 120-133. https:/ /doi.org/10.3390/ civileng2010007 https://www.mdpi.com/journal/civileng


https://www.mdpi.com/journal/civileng
https://www.mdpi.com
https://orcid.org/0000-0002-7794-5075
https://doi.org/10.3390/civileng2010007
https://doi.org/10.3390/civileng2010007
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/civileng2010007
https://www.mdpi.com/journal/civileng
https://www.mdpi.com/2673-4109/2/1/7?type=check_update&version=2

CivilEng 2021, 2

121

In addition, long-term psychological and social effects on the population affected by
the disastrous events that disrupt activities, such as relocation, homelessness, emotional
traumas, and post-traumatic disorders [9] should also be considered.

Seismic events can trigger devastating so-called Na-tech events [10], defined as the
release of hazardous material triggered by natural hazards or disasters (e.g., release of
chemical and industrial products). The released materials can not only affect the population,
but also the environment (e.g., atmosphere, soil, and water pollution) for a period that will
depend on the released material’s chemical properties and characteristics [11].

In recent decades, two seismic events were among the costliest natural disasters: the
2008 Sichuan Earthquake in the People’s Republic of China (US$85 billion in damages and
an estimated 84,000 fatalities) and the 2011 Great East Japan Earthquake (US$210 billion in
overall losses and near 16,000 fatalities) [1].

To mitigate the consequences and reduce losses, early warning systems have been
developed worldwide. These systems issue timely alerts to populations with information
before the hazard occurs, allowing them to take protective measures [12]. Warnings for
incoming S-waves can give people time to adopt the “Drop, Cover, Hold” safety protocol
or for automated devices (e.g., chemical, and industrial factories) to prevent cascading
events, like fire or toxic material spills [13].

This EWS concept can be applied not only to earthquakes, but also to floods, landslides,
tsunamis, and volcano eruptions [14].

Some EEWS have been in operation for years, whilst others are still being tested [15].
EEWS are implemented in such countries as Mexico, Chile, Costa Rica, El Salvador,
Nicaragua, United States (West Coast), Italy, Romania, Switzerland, Turkey, Israel, In-
dia, China, Japan, Taiwan, and South Korea [16].

Although it is not possible to assess the future benefits of EWSs, it is possible to assess
physical benefits, both to infrastructures and human lives, through comparison with past
events [17,18].

This paper presents the EEWS general structure, with a summary of the international
experience and implementation challenges. The following is a summary of earthquakes’
worldwide impact and the estimated impacts of EEWSs, considering the past assessment
of events located in high seismicity regions. Finally, proactive security measures are
summarized for an adequate preparation towards seismic events in several situations,
activities, and locations.

This paper shows that EEWSs are valuable tools to be included in the decision-
making process, that seeks to balance cost and performance throughout the full lifecycle of
physical assets.

2. Earthquake Early Warning Systems
2.1. Earthquake Early Warning System Concept

An EEWS is the combination of different elements, such as seismometers, sensors,
communication appliances, computers, and alarm systems, able to detect and warm of
the arrival of seismic waves. It serves to mitigate damages and losses [16,19], to be used
primarily in moderate and high seismically active regions.

Nowadays, EEWSs are operational or are being tested to soon be fully operational
all around the world: in Mexico, Japan, South Korea, Taiwan, Romania, Turkey, India,
and the USA, EEWS have been active for many years, whilst in Chile, China, Costa Rica,
El Salvador, Israel, Italy, Nicaragua, and Switzerland, EEWSs are being tested [15]. In
Asia-Pacific countries, the growth of the construction sector, following the promotion of
smart city projects, is expected to create an increasing demand for early warning systems,
predominantly for earthquake hazard.

These early warning systems can be network-based, with sensors located in possible
seismogenic source areas, to determine the earthquake’s location and magnitude, and
to project a certain area’s ground motion using progressive real-time data collected or
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stand-alone systems that use the first P-waves motion to project the detection site’s ground
motion [20].

Figure 1 shows an example of the earthquake early warning system structure, MyShake
EWS, developed by Berkeley University in collaboration with other US public institutions,
national agencies, and universities [21]. The sensors were spatially organized to create a
network covering Californian seismogenic sources. With recourse to algorithms and fixed
threshold exceeded, the alert center will issue the warnings with basic information and
lead time before the seismic waves’ arrival.
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Figure 1. USGS MyShake early warning system structure that explains in a simplified way how an
earthquake early warning system (EEWS) works when an earthquake happens [22].

To create a worldwide sensors network, Berkeley University is testing, with the
collaboration of Google [21], an application that can record, with end-user’s permission,
a smartphone or tablet’s GPS position and movements (along the x, y, and z axes). The
innovative system can distinguish seismic waves recorded from other types of movements
or actions, like walking, own device vibration, and other anthropic sources of tremors [23].

During the last couple of decades, several algorithms were tested to identify the
sources of seismic events, projected ground motion level and the lead time for S-waves
arrival (e.g., EPIC, previously named ElarmS v3.0, or FinDer). These algorithms are
continuously under test and improvement to enhance their performance. Regional EEWSs
typically use a few seconds of P-wave data (0.5-4 s) from a small number of stations
(usually two to six) to determine earthquake information [24].

Alerts issued for incoming seismic waves can be broadcast publicly, as in Mexico,
Japan, South Korea, and Taiwan, where TV channels, radio stations, and mobile service
companies warn the population nationwide. On the other hand, other EEWSs, such as
those in India, Romania, Turkey, and the USA, broadcast alerts only to selected groups of
users [15].

The applicability of these EEWSs can be limited: distance from the epicenter, hypocen-
ter depth, and magnitude of the event can influence the alert time given to a population
and to machines to act [25].

2.2. International Experience

One of the most well-known EEWSs worldwide is managed by the Japanese Meteoro-
logical Agency (JMA), that has been broadcasting warnings since 2007. The warning system
issues the alarm to the public when the seismic intensity is equal to 5 or above (JMA scale,
equivalent to VII-VIII on the Modified Mercalli intensity (MMI) scale), defining the origin
time, the epicentral location, the magnitude, and the sub-Prefectural areas that will expect
stronger seismic intensity [26]. The system will only issue an alert if the event is detected by
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more than one station. The lead time for seismic waves to reach the prefectures is not given
within the alert information due to a wide time variability between neighboring areas [26].
The alert is broadcast through several television channels, radio stations, loudspeakers,
and free text messages are sent by mobile phone companies [26].

Together with this early warning system, Japan has well-developed dissemination
and communication strategies to educate the population on earthquakes and actions to
be taken.

Another EEWS that has been working for more than a decade is the Mexican Seismic
Alert System—SASMEX. The public warning system, operational since 1993, issues an
alert when two or more seismic stations detect events with a magnitude higher than 5.5
on the MMI scale. The system counts on a network of 97 monitoring stations that cover
the area between Morelia, Mexico City, Puebla, and the Mexican Pacific coast. Warnings
are publicly broadcast through TV channels, radio stations, and loudspeakers, together
with a dedicated radio channel, SASPER, used to alert authorities, universities, schools,
emergency responders, and civil protection. This EEWS successfully alerted the Mexican
population of the arrival of the strong-motion waves of the 8.2-magnitude Tehuantepec
and the 7.1-magnitude Morelos earthquakes, both in 2017. The warning issued for the
8.2-magnitude Tehuantepec earthquake had a lead time of almost 2 min, while the warning
issued for the 7.1-magnitude Morelos earthquake was only a few seconds earlier [27].

The Mexican government has sent educational brochures to 2 million households,
providing information on actions to follow and behavior to avoid when a warning is
issued. In addition, evacuation drills were organized in schools and in critical structures
every month [28].

2.3. Challenges to the Implementation of Early Warning Systems

Large-magnitude earthquakes can affect huge areas; however, generally speaking,
earthquake-induced damage is mostly concentrated at relatively smaller epicentral dis-
tances and close to the rupturing fault. Thus, the most critical objective for any EEWS is to
provide an initial alert within a few seconds, so that alerts can be issued as close as possible
to the epicenter [15].

Following this initial alert, there is time to provide better information or to alert a
larger region regarding an upcoming larger event to take place in the tens of seconds
that follow.

Allen and Melgar [15] compiled in Table 1 the maximum epicentral distance where
the Modified Mercalli Intensity (MMI) V is expected to be felt and the S-wave arrival time
at the greatest distance where MMI V is expected, for various earthquake magnitudes and
approximate fault length. These arrivals values were computed without considering the
stratigraphy or the depth.

Table 1. Estimates of distances and times for earthquake early warning applications for different
earthquake magnitudes (adapted from [15]).

Earthquake Approximate Maximum Epicentral S-Wave Arri.val at
Magnitude Fault Length Distance Where MMI V Maximum Distance
Is Expected Where MMI V Is Expected
M5 1 km 10 km 4s
M6 6 km 40 km 10s
M7 50 km 200 km 40s
MBS (crustal) 400 km 700 km 200's
M9 (subduction) 1000 km 1000 km 300s

At first look, EEWSs can be considered more important for areas in the immediate
proximity to seismogenic sources (some kilometers away), but even faraway areas, where
quakes will cause less damage, can benefit from these warnings as an opportunity to create
a culture of prevention and awareness [29].
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An important challenge to be faced by EEWS providers is the need to issue alerts with
small lead times together with high reliability to reduce false alarm rates [30].

Knowledge of seismogenic sources and the implementation of a dense seismic network
in the fault area are important measures to increase estimations’ reliability on earthquake
locations and sizes within ~5 s of the event source [31].

In the future, EEWS algorithms may integrate new sources of ground motion observa-
tions and additional data that could reduce detection time and improve early estimation of
magnitude and location. For example, to increase the number of strong-motion sensors
in urban areas, and to improve the system'’s reliability, low-cost sensors can be placed at
schools, public institutions, and industrial facilities [32].

For example, on 11 March 2011, the EEWS managed by the Japan Meteorological
Agency (JMA), issued accurate warnings to areas near the epicenter. These alerts were
issued tens of seconds before the main earthquake hit an area [33]. Following this alert, four
nuclear power stations located close to the epicenter of the Great East Japan earthquake
shut down automatically and bullet trains were slowed down by their own automated
warning system.

3. Overview on the Impact of Earthquakes Worldwide
3.1. Human Losses

Despite the development of new technologies in the area of seismic-resistant con-
struction, the populational growth, the consequent expansion to urban areas, and the poor
construction quality in seismic-prone areas contribute to the high number of earthquake-
related casualties.

Although earthquakes and tsunamis are low-frequency hazards, worldwide they
contributed to nearly 750,000 direct deaths, from 1994 to 2013 [34]. This number of fatalities
overcomes that of other natural hazards for the same period.

Two examples of the deadliest seismic events of the modern era, during the last
decades, are the 2008 Sichuan earthquake (China), and the 2011 Tohoku earthquake (Japan).

The 2008 8.0-magnitude Great Sichuan Earthquake can be considered one of the dead-
liest earthquakes of the last decades: 69,226 fatalities, and 374,643 injuries [35]. These high
numbers are a result of how insufficiently prepared the communities were (the Sichuan area
is mostly a rural area), the buildings” weakly seismic resistance, the increasing number of
residents in that area due to immigration, and the inability to provide adequate health assis-
tance after the event [36]. This disaster led the Chinese Government to create and develop
an Earthquake Early Warning System, to educate the population on earthquakes and on
how to respond to early warnings, and to implement a disaster risk management program.

The 9.0-magnitude Tohoku Oki earthquake was the deadliest seismic event in Japan
after the Great Kanto earthquake in 1923, causing more than 18,000 casualties [37]. Several
reports were published throughout the years to explain this high number of casualties,
despite the seismic-resistant building codes, the active earthquake early warning system
and related tsunamis, the coastal barriers to mitigate tsunamis destruction, and the edu-
cation and dissemination strategies and programmes for the population. These studies’
main findings concluded that the maximum magnitude expected was underestimated and
that the EEWS had issued a delayed warning or did not issue any warning at all for certain
areas, (e.g., Kanto prefecture). The seismic event was the result of several ruptures along
the same seismogenic source fault that led to an increasing amplitude of seismic waves. In
addition, the broadcast system (TV and radios) that was supposed to warn the population
had a maximum of 4 min delay in some areas. The estimated height of the tsunami waves
was also considered as one of the causes of the high toll [37].

3.2. Economic Impact

Earthquakes can have a wide range of impacts, with potentially long-lasting effects
throughout generations to come. In addition to the direct physical and emotional impact on
human lives, buildings, equipment, and infrastructures, earthquakes can have an indirect
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impact at different economical levels, such as the overall rise of poverty, interruption of
business activities with related increase of unemployment, and loss of production [1,38].

For example, in the San Francisco Bay area, it was estimated that half of all small busi-
nesses were permanently shut down after the 1989 Loma Prieta earthquake [38]. Similarly,
after the Northridge earthquake (1994) in California, only 275 out of 1100 businesses sur-
veyed recovered from the overall damage. The impact of the loss of jobs, as a consequence
of the earthquakes, significantly affected the local economy [38].

After the Kobe Earthquake (1995), direct property losses were estimated at around
US$147 billion, and ~US$100 billion losses related to interruption of business activities.
Due to the extended inactivity period after the earthquake, it was estimated that more
than 1000 small- and medium-sized businesses closed permanently [38]. The 2008 Great
Sichuan earthquake left more than 5 million people homeless and had a cost of close to
US$29 billion on direct losses alone [39].

3.3. Impact on Industrial Facilities

In industrial facilities, it is common to associate earthquake damage with structural
damage. However, the seismic vulnerability of equipment should consider both struc-
tural damage and subsequent loss of containment [17,40,41] as typical industrial accident
scenarios (e.g., explosion, fire, toxic dispersion) depend significantly on the amount of
dangerous substances released. Krausmann et al. [17] classified storage tanks” susceptibility
to earthquake-induced damage as impressive as these tanks are commonly used to store
flammable liquids. Thus, loss of containment can lead to a major accident, as there is a
high ignition probability after the release of a flammable substance during an earthquake.

In chemical facilities, natural hazards and disasters can trigger multiple and simulta-
neous failures with often severe off-site consequences [17]. Below are a few examples:

(i) During the 7.4-magnitude Kocaeli earthquake, in 1999, 24 industrial facilities (e.g.,
automotive, chemicals and petrochemicals, liquid gasses, refineries), located in the
same area, were affected by both structural and non-structural damages that impacted
directly on the regional economy, as they represented 40% of the entire Turkish heavy
industry [42].

(i) After the 7.9-magnitude Wenchuan earthquake (2008) in China, the population and
environment were affected by the release of toxic, explosive, and flammable materials
from damaged storage located in a nearby strong industrialized area [15].

(iii) The 9.0-magnitude Tohoku earthquake (2011) in Japan led to the shutdown of six of
the nine oil refineries: two of them caught fire and, in another refinery, an explosion
caused by a LPG (liquefied petroleum gas) leakage spread fire to 14 other tanks in
the vicinity. This explosion damaged surrounding residential buildings, vehicles,
and more [43]. Additionally, the damages at the oil refineries were identified as
the primary source for the fuel shortfall right after the disaster, which impacted
not only people’s lives but also hindered the post-disaster recovery response to the
affected areas [44]. Overall, 30% of Japan’s refining capacity was shut down for a
week. In addition, 25% of Japan’s ethylene production capacity was interrupted
due to the earthquake and took several months to be resumed [45,46]. Furthermore,
the resuming of industrial production was hindered by several aftershocks, tsunami
alerts, lack of utilities or raw material, and infrastructural damage. The overall
losses due to the earthquake were estimated at around 34% in production capacity
plus 6% losses caused by the tsunami [47]. After the event, only a few companies
shared publicly the information related to their economic losses due to the earthquake
and/or tsunami. JX Holdings, Inc. (petroleum and metals production), Cosmo
Oil (petrochemical company), Sakai Chemical (chemical industry products), and
Sumitomo Metals (metals manufacturer) reported extraordinary losses related to
structural damages, suspension of production, and restoration costs [48-50].
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3.4. Psychological and Social Impact

Earthquakes’ impacts cannot be exclusively assessed at the physical level, as Post-
Traumatic Stress Disorder, depression, anxiety, stigma, psychological distress, changes
in normal behavior, and food and sleep disorders can affect survivors and emergency
responders at different levels.

An important study conducted by Harada et al. (2015) [9] on the population affected
by the 2011 Tohoku earthquake assessed the impacts of the combination of earthquakes,
tsunami, and the consequent nuclear accidents of Fukushima.

In relation to the nuclear accidents, people living in the Fukushima area were not only
affected by mental health disorders, due to the traumatic experience, to uncertainties caused
by the evacuation and resettlement, and to the fear of developing cancer, but were also
victims of stigmatization and discrimination because of their exposure to nuclear radiation.

Civil servants and workers at the nuclear Fukushima plant were also subject to public
discrimination by stakeholders for their mismanagement following the accident.

The study identified, as previous similar trends, that the populational groups most
vulnerable to these disasters, or combination of earthquakes and other cascading events,
were children, evacuated and resettled populations, relatives of deceased casualties, and
individuals with preexisting physical/mental health illnesses.

Considering these results, it is necessary to consider, in addition to other post-disaster
strategies, the psychological and social assistance to survivors, emergency responders,
post-event cleaning workers, and risk management workers.

4. Estimated Impact of Earthquake Early Warning Systems (EEWSs)

EEWSs have proven their effectiveness in reducing economic losses, damages, and
casualties.

Although is not always possible to assess and precisely quantify the benefits of EEWSs,
it is possible to assess the potential and physical benefits of EEWSs, to both infrastructures
and human lives, through comparison with past events and corresponding losses [18].

Buildings or infrastructures built prior to recent seismic-resistant codes or built with
poor or weak materials could not benefit directly from early warning alerts.

4.1. United States of America

In California, during the Loma Prieta earthquake (San Francisco) and the 6.7-magnitude
Northridge earthquake (Los Angeles), ~50% of injuries were caused by non-structural
elements, such as ceilings tiles, furniture, heavy objects, more than by structural elements.
These numbers show that if they had received an alert a few seconds before, people may
have been able to act and protect themselves [51].

The monetary losses due to injuries, most of which related to non-structural ele-
ments [52], were calculated in US$1.8 to 2.9 billion (value of 2005 US Dollars). Thus, an
EEWS can not only prevent injuries but it can also be translated into significant finan-
cial savings.

FEMA (Federal Emergency Management Agency) published the following compari-
son costs:

(i) maintaining ShakeAlert for 1-year of operation—US$16 M;

(ii) 0.25% of damages caused by fire as a consequence of gas ignition during the Hayward
earthquake [53]—US$31 M;

(iii) 1% of injuries caused by the Northridge earthquake [50]—US$20 M;

(iv) cost to replace a train-car of 10 trail cars [51]—US$33 M.

Maintaining an EEWS is a sizeable investment, when compared with the cost of losses
of not having one, it is a system clearly worth investing in [51].

4.2. Turkey

In 1999, the 7.0-magnitude Kocaeli earthquake caused 17,480 fatalities and injured
more than 40,000 people. The earthquake hit in the early morning, and it was estimated
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that 76% of people died as they were unable to exit buildings, most of them remained in
bed. 61% of fatalities were caused by structural elements, while non-structural elements,
such as falling objects that hit, cut, and struck people caused 69% of non-fatal injuries [54].

An EEWS must alert citizens to protect themselves, but also improve their basic
knowledge of earthquake protection measures.

4.3. China

In 2008, the 7.9-magnitude Wenchuan earthquake that hit Sichuan Province (China)
is known to have been one of the most disastrous events of the last decades, with almost
70,000 casualties and 370,000 injured [35].

The post-event surveys estimate that 80% of the population knew how to act during
an earthquake [55,56]. Therefore, it is reasonable to speculate that the number of casualties
and injured people would be smaller if an early warning had been issued [57,58].

4.4. Japan

The 9.0-magnitude Tohoku-Oki earthquake of 2011, and consequent tsunami, caused
more than 18,000 casualties. The EEWS alerted several million citizens in the epicenter’
area with a lead time of 15-20 s before the most severe ground motion occurred [37]. This
time enabled ~90% of these citizens to implement the drop-cover-hold protocol or take
other lifesaving measures.

This high percentage was due to Japanese society’s long experience with earthquakes,
awareness, and education on how to behave and which actions to take in different situations:
indoor and outdoor, in public and private buildings. These were also one of the reasons
that led to upgrading the seismic monitoring network (earthquakes and tsunamis) with an
advanced system connected to schools [37].

Four nuclear power stations and nuclear reactors, located close to the same event
epicenter, were shut down safely and bullet trains were slowed down triggering the
emergency brakes.

Fujinawa and Noda [37] used the Tohoku-Oki earthquake of 2011 as a reference for a
simulation, where the lead times for the same earthquake varied. The following hypotheses
were adopted: (i) workers can save their lives with a lead time of 10 s, (ii) students can take
appropriate measures with a lead time of 5 s, and (iii) people can react well with a lead
time of only 1 s.

Table 2 shows the simulation’s main results. A significant decrease in the number of
deaths and an increase in the number of no injuries can be correlated with an increase in
the lead time.

Table 2. Estimated reduction rate using an EEWS (adapted from [37]).

For All People within Each Category before the EEWS Is Activated

Lead Time (s) After the EEWS Is Activated Dead Heavily Injured Moderately Injured

Dead 75 - -

2 Heavily injured 15 75 -
s Moderately injured 5 15 75
No injury 5 10 25

Dead 20 - -

5 Heavily injured 60 20 -
s Moderately injured 10 50 20
No injury 10 30 80

Dead 10 - -

10 Heavily injured 30 10 -
S Moderately injured 50 30 10
No injury 10 60 90

Dead 5 - -

20 Heavily injured 15 5 -
S Moderately injured 30 15 5

No injury 50 80 95
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4.5. South Korea

In South Korea, the US$7 billion Honam high-speed railway project, 185 km long,
began operation in April 2015. This high-speed rail service crosses roadbeds, bridges,
and tunnels.

The rail infrastructure has sensors for real-time earthquake detection and structural
monitoring, and it issues warnings in case of exceedance of predefined thresholds, offers
interactive surveillance, provides data for structural integrity assessment and notifications
for safe train operations as a way to improve safe trains operation [59].

5. Proactive Measures

Several public authorities and institutions issued guidelines to address different
scenarios and locations when an earthquake occurs. If these safety measures can be
coupled with an early warning received through traditional channels or recent mobile
applications, the population will be better prepared.

5.1. Measures for Public Infrastructure

In addition to educating the population, Allen and Strauss [51] summarized a set of
actions that can be applied to public infrastructures using an EEWS alert:

(i) Hospitals: safely stopping surgeries, disconnecting ventilators to prevent fatal er-
rors [60], opening automated doors, closing curtains to mitigate falling glass, securing
radioactive sources and radiography equipment.

(ii) Schools: alerts are issued by loudspeakers and TVs [61].

(iii) Elevators: these should be equipped with earthquake detectors enabling them to
return to the ground floor safely [62].

(iv) Means of transport (like trains): have systems that can slow down the wagons before
the strong motion waves hit in the area, causing train wrecks and casualties.

(v) Private factories: have systems connected to the EEWS so production can be safely
shut down to reduce secondary hazards (fires, gas intoxication, chemicals spills, etc.).

5.2. Measures for Citizens” Education and Empowerment

The dissemination of information and safety measures to face earthquakes is an effi-
cient strategy to mitigate human losses and prepare the population psychologically [63,64].

Worldwide, main actions to be taken during earthquakes are the well-known “Drop,
Cover, Hold”, that can be applied to different scenarios, e.g., home, workplace, and schools.
In some cases, people cannot physically reach tables or structures to be safe; below, Figure 2
shows some examples of how people with mobility limitations can act.

. = [

—_— —
DROP! COVER! HOLD ON!
® p p
N ' g -
l [
LOCK! COVER! HOLD ON!

‘(\' S &K

LOCK! COVER! HOLD ON!

Figure 2. “Drop Cover Hold” actions adapted for people with mobility limitations (adapted
from [65]).

Other standard safety measures are: to stay away from windows, furniture, heavy
objects located on upper shelves or hanging from the ceiling, electric equipment and glass
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doors; to avoid elevators and use the stairs only when the situation and their condition
allows it; to turn off electricity and gas if and when possible to avoid explosions or fires; to
avoid trees, streetlights, and electric poles; to avoid areas near rivers and sea/ocean due to
the risk of a tsunami.

If possible, households can prepare different plans for seismic events, which envisage
not only a safety kit to survive some days after the event without external help but also
predetermine safe strategic meeting points where to regroup.

In addition to the mere dissemination of safety measures, educating the population
on what to expect during earthquakes or after receiving an EEWS warning can help people
act in a more rational way [66].

5.3. Measures for Seismic-Resistant Buildings

When it comes to seismic-resistant construction and renovations, Japan is one of the
leading countries in seismic-resistant technologies. The three main technologies used in
buildings nowadays for areas prone to seismic events are:

(i) “quake resistance”, which means that a building is constructed strong enough to
withstand vibrations.

(ii) “vibration-damping”, which means that damping elements to absorb the vibrations
are added to the building’s structure.

(iii) “seismic isolation”, which introduces elements to isolate the building from its founda-
tion to prevent vibrations from being transmitted directly to the building.

These technologies enable improving buildings’ resistance to seismic waves and
reducing structural damages that can severely affect their practicability. In addition,
materials used for this technological solution must be guaranteed to respect the updated
construction codes for seismic-prone areas.

5.4. Measures for Assets

The US agency for emergency management, FEMA, produced, and published guide-
lines to help businesses be organized and prepared in case of earthquakes. These strategies
are meant to safeguard not only the workforce and the facilities, but also the continuity
of activities after seismic events. In brief, the following steps are recommended for an
earthquake-resistant business [67]:

(i) Identify potential hazards that may interrupt the business operations.

(ii) Create a disaster plan to ensure business continuity, to greatly reduce the risks and
losses, and guide decisions.

(iii) Prepare the provision of independent post-disaster supplies, given the prioritization
of hospitals and schools by first responders.

(iv) Identify and fix the building’s vulnerabilities, e.g., structural elements, non-structural
elements, emergency exits, furniture layout.

These measures will not only protect employees, customers, and public service” work-
ers, but will also allow businesses to have shorter recovery periods or to continue their
activities.

6. Discussion

Earthquakes have been shown to cause a high number of casualties and destruction
in a short amount of time. Their consequences cannot always be fully assessed due to the
additional psychological and social impact that can affect the population.

High death tolls can follow as consequences of total or partial building collapse, non-
structural elements not being secured, non-compliance with actual seismic-resistant layout,
late or disorganized emergency response, lack of education on safety measures, or lack of
dissemination of information by authorities, institutions, and the scientific world.

Earthquakes Early Warning Systems cannot operate in isolation but are certainly a
valid solution to mitigate losses if combined with education and preparedness actions,
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such as updated construction codes, risk management tools, emergency plans, economic
resilience plans for private businesses and public institutions, and dissemination, education,
and empowerment of the population.

If these elements are not all efficiently working together, the creation of an Early
Warning System will only be a palliative measure and will marginally contribute to the
mitigation of losses.

A theme that must be discussed further is the risk management of assets, which
comprehend not only tangible or intangible assets, as defined previously in the introduction
paragraph.

The prevention and mitigation of losses should consider the assessment of how to
protect assets in order to maintain public and private services operational, to ensure
production continuity, and to prevent money stagnation and unemployment. This way,
risk management of disastrous events should focus on the losses as a result of an event and
on the future, considering long-term disaster impacts.

In addition, it should also be underlined that, without strong collaboration between
the scientific community, national and regional authorities, policymakers, emergency
management and security agencies, and citizens, prevention and mitigation measures
cannot succeed.

7. Final Remarks

Seismic events are disastrous events that cannot be predicted in time. Considering
past events and the experience gained, EEWSs have proven to be a fundamental tool to
reduce human losses and mitigate economic consequences.

The worldwide population is growing and concentrating in urban areas, most of
them located in high seismic-prone regions, thus increasing the need to deploy early
warning systems.

Potential economic losses must be considered in the long term, as experience has
shown that an area or country’s economic recovery can take years. The lack of risk assess-
ment plans and natural hazard-related insurance for disasters at government, business,
factory, industry, or personal level, may have long-term consequences, such as the impossi-
bility to recover the business, which will consequently raise unemployment in the affected
area, stagnate cash flow and risk a stagnant market.

Education, dissemination, raising awareness to natural hazards and how to act to
protect ourselves and others is mandatory; these will continue to be key elements in making
sure citizens are ready, thus reducing injuries and fatalities.

The resilience of communities and businesses can be improved with EEWS, which
may seem expensive at first but are a clear payoff it the long run.
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