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 ABSTRACT: The probabilistic nature of seismic hazard process has always placed decision makers in an awkward position, as far as stages I (mitigation) and II (preparedness) of disaster management are concerned. For these stages, the deterministic approach of seismic scenarios or a successful 
earthquake prediction would be preferable. However, deterministic seismic scenarios are not necessarily realistic, as cost benefit analysis requires. In addition, earthquake prediction has not yet provided specific answers to the question “when, where and how big will be the earthquake”. 
These questions pose a serious ethical problem to geoscientists, on how to use their scientific results in risk-communication (L’Aquila case). In practice, geoscientists and decision makers follow different approaches, deontology (right) and consequentialism (good for society), characterized by 
their dissenting views of the relation between right and good, according to the ethical theory. In natural disaster management research, game theory models consider government agencies and private companies interacting as players in a disaster relief game. Usually these models are two-
player models, but when there is a multi-agency collaboration, the models become multi-player games. A two-player game between an attacker and a defender can be defined as: (1) sequential where attacker moves first, (2) sequential where defender moves first and (3) simultaneous 
(Seaberg et al., 2017). A destructive earthquake is considered as the ‘attacker who moves first’ and the decision makers as the ‘defenders’. When the earthquake process is initiated, various automated mechanisms are activated as defense actions (e.g. real time Peak Ground Acceleration - 
Velocity distributions and Early Warning Systems). For responders, stage III (response) phase has begun. In the timeline of an earthquake-related disaster, the earthquake occurrence initiates stage III. Post-earthquake induced phenomena, such as large aftershocks, landslides and tsunami, 
which, in some cases, have proved more or less as disastrous as the mainshock itself, are still at stage II. In such cases, the attacker (earthquake) is not a stable ‘dummy’ player, attacking once and for good, but it has a more dynamic behavior, as it is able to activate the attack of its ‘fellow 
players’, thus causing worse repercussions. In this study, we seek to apply the model after the earthquake occurrence, also by incorporating earthquake induced phenomena. More specifically, we attempt to re-design the game tree suggested by Wu (2015) for ‘policy selection related to 
earthquake prediction’ in the sense of policy selection related to the synergy of the above-mentioned earthquake related natural hazards. We apply this game tree in the cases of Lefkas (Greece) 2015, Tohoku (Japan) 2011, Kefallinia (Greece) 1953, Brežice (Slovenia) 1917 and Atalanti (Greece) 
1894 earthquakes and compare the effects of the mainshocks and their induced phenomena. 
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Introduction: Large earthquakes, along with other natural disasters, such as wildfires, floods and hurricanes, are considered generally high-risk, low-probability events. Depending on the degree and extent of their 
effects, they trigger a salience issue for emergency managers and decision-makers for a short time period, until community life returns to normal. In the timeline of the Disaster Management Cycle (figure 1), 
Mitigation and Preparedness phases precede the earthquake occurrence, while Response and Recovery are directly related to its repercussions. Ethical theories and disaster management are highly interlinked. They 
are divided into pre-disaster and post-disaster ethics. Current ethical approaches fall in the field of geoethics and follow a risk-based approach, depending mostly on a utilitarian-consequentialism theory. 
Governments and all sectors related to emergency management should consider Preparedness as a perpetual issue that needs to be justified occasionally, even during low activity periods. In economic terms, where 
the public and private sector is involved, there are certain arguments concerning investment in the first two, as the cost for the remaining two is unavoidable. 
 Earthquakes belong to the broad family of Geophysical hazards. During the last decades, hybrid seismic hazard studies have reached a high level of accuracy. Seismic risk mitigation efforts reveal problems in 
densely populated urban areas, due to insufficient communication and preparedness of society and officials, and built environment status. Sophisticated algorithms for real time expected PGA, Peak Ground 
Rotations and loss (life and economic cost) of each recorded earthquake worldwide (e.g. Wald et al. 2010, Sakkas et al. 2018) have proven extremely helpful in earthquake emergency management. 
 In game theory terms, the earthquake is considered as the ‘attacker who moves first’ and the disaster managing mechanism as the ‘defender’. Successful response of the defender is highly dependent on the 
level of Preparedness. However, a number of disastrous earthquakes encounter various perils-attackers as secondary effects, such as landslides, tsunamis, urban fires, liquefaction or disastrous aftershocks, which 
may lead to tertiary ones (e.g. Tōhoku 2011 earthquake). The final repercussions are the cumulative result of the synergy of these disasters, which would be non-existent, had the main actor not occurred. Thus, the 
problem evolves to a more complicated and multi-parametric one. 
 In this paper, we attempt to provide the theoretical background, qualify, visualize and roughly estimate the situation created by the synergy of five large earthquakes in Greece, Slovenia and Japan and their 
‘fellow attackers’, as well as the options available to the defending mechanism. The actions taken in each case regarding disaster management are formulated in a game tree for policy selection. 

Methodology  
Prior to a major earthquake, the involved players work together for improving the 
Preparedness level, i.e. risk mitigation by reducing vulnerabilities and constantly 
informing the public on pending risks. In the earthquake crisis, the players responsible 
for management collaborate against the main actor and its fellow attackers, i.e. the 
post-earthquake phenomena. 
 In both cases, players should adhere to the established common values in the field 
of ethics. Sylves (2015) stresses that ‘Disaster management relies highly on experiential 
learning and experimental research. In this sense, one condition needs to be commonly 
appreciated: in disaster policy, government embodies actors and structures intended to 
facilitate the effective operation of democracy and political accountability’. The latter 
are fundamental elements for disaster management. The experiential aspect may 
impose a variety of mechanisms that will lead to changes of policy, regarding 
governmental ability to manage the preparedness, mitigation, response, and recovery 
phases of a disaster (Pinkowski 2008). 
 In the event where a disaster occurs, it is highly important to stress the 
accountability of decision-makers. In this sense, a differentiation exists between their 
accountability and that of the earth scientists. We attempt to demonstrate that the 
merging of all four disaster management cycles (due to secondary and tertiary effects) 
may produce new scientific data and the results may create new approaches and 
responsibilities for policy-makers. The first two stages of disaster management, i.e. 
mitigation and preparedness, may well be the decisive factor for dealing effectively 
with secondary disasters resulting from the main actor.  
 The tying knots between disaster managers and scientists working on natural 
hazards phenomena is vulnerability and exposure. These knots are not adequately 
appreciated by all disaster management theoretical models. Societal pressures and 
moral principles are strongly related to policy-making. Neither the seismologist, nor 
the geologist is confronted with moral decisions, as they are committed, in a strictly 
professional manner, to carry out the best possible job with the tools in hand. The 
acquisition of geological data may be subject to different interpretations, but if these 
are discussed transparently, it is often possible to place numerical uncertainties upon 
them, which can provide engineers with probabilities for design purposes (Bilham, 
2015).  
 Probabilistic Seismic Hazard Assessment is also experiential, based on past events 
projected to the future. This probability is then conveyed to seismic risk assessment, 
based on the present vulnerability and exposure. When more than one disasters are 
involved, the methodology adopted is the risk matrix procedure, which provides the 
expected risk as the convolution of probability of each disaster. An example of semi-
qualitative risk estimation, which combines the probability of occurrence in the next 50 
years and the expected effects on society and the built environment of earthquake, 
flood, extreme weather, forest fire, volcano, tsunami, landslide, ground deformation 
and industrial accident for Greece is presented in figure 2. This risk matrix is the final 
product of individual estimations for each disaster, either probabilistic or deterministic, 
followed by experts’ judgement, and is deliverable of GrecoRisks project (Kouskouna et 
al. 2014). 
 The worldwide implementation of EWS and the management of large amounts of 
incoming earthquake data (big data) has made network theory indispensable in 
emergency management. Regarding the application of game theory in social sciences, 
Varoufakis (2008) notes that ‘As long as one human is present, the phenomenon at 
hand is arguably as complex as it can get, and a game’s rules do not only constrain 
agents; in a manner, rules also play a constitutive role in that they help agents 
(re)define the game’. 
 To describe the game between two players in the case of earthquakes, earth 
(dummy player) and human being (defender), Wu (2015) formulated the game tree for 
policy selection related to earthquake prediction, considering the simplest extreme 
cases: a prepared and an unprepared community. 
 However, the prepared actors involved in disaster management often face a 
challenge: are they expecting secondary effects and are they prepared for a synergy of 
disasters? If we consider the earthquake as the ‘main player’ and a high level of 
preparedness, what is the relative level for a landslide produced by the ‘main player’ 
outside the pleistoseismal area, or a forest fire caused by a short circuit as a result of 
the earthquake? With certainty, in tsunami prone areas, the level of preparedness 
should be higher, taking into account the arrival delay of tsunami waves, as opposed to 
seismic waves. 
 A general formulation of the game tree for the synergy of the earthquake and its 
fellow players is presented in figure 3. This figure is a modification of the simple case 
suggested by Wu (2015), taking into account the earthquake related disasters. In this 
case, a prepared community for the mainshock may not be prepared for a damaging 
secondary effect. In addition, the time span between a damaging foreshock and the 
mainshock may influence the level of preparedness for the mainshock. Secondary and 
tertiary effects may be predicted, as opposed to the mainshock itself. The symbols for 
‘hit’ (H), ‘false alarm’ (F), ‘miss to hit’ (M) and ‘not taking actions for prediction’ (N) are 
adopted, and their relation is investigated in this study. 
 The general image of losses following a large earthquake, is that it is devastating 
and costly. A prepared community encounters low vulnerability buildings, ready-to-act 
disaster involved stakeholders and an educated population. Although the scientific 
community focuses on the delineation of expected PGA areas, recent experience 
(Sumatra-Andaman 2004, Tōhoku 2011) shows that ground shaking is not always the 
key culprit for the disaster. Recent studies wag the finger towards natural disasters 
effects disaggregation (Daniell et al. 2017). 
 
Earthquake case studies 
We examine the cases of main post-earthquake effects (tsunami, landslide, liquefaction 
and fire), as well as damaging foreshocks and aftershocks in five case studies of recent 
and historical earthquakes.  

Table 1: Summary of effects and associated economic loss 
of the 5 earthquake case studies 

Figure 1: The cycle of emergency management for 
a single actor 

Figure 2: Risk matrix of 
qualitative risk 
estimation for Greece, 
for 9 risk modules 

Discussion 
In this paper, the synergy of earthquake related effects and their management is studied: after 
introducing the theoretical background within the field of geoethics, the mainshock and its 
secondary and tertiary effects are treated as ‘attackers’ in a 2-players game, with the 
emergency management mechanism being the ‘defender’. We attempt to provide a qualitative 
formulation and a simplified quantitative approach. Merging of all four disaster management 
cycles (due to secondary and tertiary effects) may produce new scientific data in the field of 
earth science, economics, emergency management and for policy-makers. In conclusion, this 
paper’s findings may pose new ethical challenges for the decision-makers that will need to be 
addressed. 
The five earthquake case studies verified the fact that disaggregation of earthquake related 
disasters need to be studied in more detail in the future. Table 1 summarizes the effects and 
associated economic loss of the five studied earthquakes and their related disasters. Fatalities 
and economic loss due to secondary phenomena are reported since historical earthquakes. 
However, in recent earthquakes, their percentage seems to follow an increasing trend. There 
is, therefore, a need for improved models for secondary effects of recent earthquakes, in 
parallel to a retrospective study of the historical ones. 
The most sound example is the Tōhoku 2011 mega-earthquake, which triggered most types of 
secondary and tertiary effects, as well as a major technological accident. For this reason, we 
dedicate a detailed discussion of the game theory approach to this earthquake:  
 Japan is characterized as one of the most prepared countries in terms of earthquake and 
secondary effects, mainly tsunamis, preparedness. The level of preparedness is directed on building 
regulations, on Earthquake Early Warning Systems, intensity shaking maps, tsunami alerts and 
special infrastructure, such as tsunami walls. In this sense, the resulting utility according to Wu 
(2015), is equal to H. However, up to 2011, Japan seismic hazard modeling did not take into account 
low-probability mega-earthquakes and it can be easily assumed that it was unprepared for such 
events. ‘Miss to hit’ or even ‘Not predicted’ events are tolerated by society (score of prediction 
policy equal to zero). A successful prediction for tsunami was issued in 2011 (score H), however with 
underestimated height and incorrectly predicted (score of prediction policy 0). In total, tsunami 
alerts in Japan are always characterized with more hits than false alarms, thus satisfying the 
equation H-F>0. Wrong predictions or no predictions do not change the fact that H>0. Nevertheless, 
the result of the Tōhoku earthquake cannot be ignored. Although this super-event is of low 
probability, its consequences should be a lesson for the future. If we assumed that Japan was an 
unprepared community for mega events in 2011, the prediction of the tsunami can be characterized 
as deficient or as ‘Miss to Hit’ (score equal to -M), or even ‘Not predicted’ (score equal to -N). This 
accounts for the strong criticism by society towards the Japan Meteorological Agency for not 
predicting correctly the height of the tsunami. In unprepared communities the equation between 
hits, wrong predictions or no predictions is (H-M)>-N and usually in the cases that M=N, then H>0 
and society will always be stimulated by the predictions. 

In summary, the policy selection for the prediction of natural phenomena may entail a 
mathematical solution in the quantification of the preparedness level of a community and 
possibly in the geographical extent and secondary effects. To conclude, we expect that a more 
detailed future study will yield positive answers to the question, whether ‘game theory can 
unify the social sciences’. 
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Figure 5: Game tree for the Tōhoku 2011 earthquake and related disasters 
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Kefallinia 1953 M6.4, 6.8, 7.2 
Κnown as the ‘Great Kefallinia (or Ionian) earthquake’, the 1953 series is the landmark 
of natural catastrophy in Greece, following WWII and the Greek civil war. Kefallinia 
exhibit the highest seismic hazard in Greece and Europe (e.g. Sakkas et al. 2010), 
having experienced historically destructive earthquakes. Within 4 days, 3 major events 
devastated Kefallinia, Zakynthos and Ithaki, with more than 455 fatalities, 21 missing 
and 2,500 injured. Main towns and villages were completely ruined. Infrastructure was 
destroyed due to shaking and massive rockfalls. The estimated total cost was 
unaffordable for a country recently recovering from a decade of international war, 
occupation and civil war. The first two events are considered as major foreshocks. The 
mainshock contributed to the complete collapse of the damaged buildings. Rescue 
operations were halted due to the second foreshock and the mainshock, without being 
able to save the lives of those trapped. Fires in Argostoli and Zakynthos followed the 
mainshock (figure 7). 

Brežice 1917, Mw5.7 
This earthquake occurred during WWI, and belongs to the Slovenian early instrumental 
era. The epicentral area is located at the Krško basin, one of the most seismically active 
areas in Slovenia, which accommodates the Krško NPP since 1983 (figure 8). One 
fatality is directly related to earthquake damage. The other fatality is probably due to 
seismogeological secondary effects. In this earthquake, both preparedness and 
response proved inadequate, due to circumstances irrelevant to the event itself (WWI, 
low temperatures). Had this event occurred today, there might be an imminent 
problem of damage to the nearby industry (paper factory and NPP in Krško, I=VI EMS-
98, Nečak and Cecid 2018). 

Atalanti 1894 M6.7, M6.9 

On 20 April a destructive foreshock occurred in Locris, Central Greece, followed by the 
mainshock on 27 April. These earthquakes are typical for destructive cumulative effects 
of earthquake shaking produced by the synergy of a foreshock and the mainshock. The 
time lapse of 7 days may be considered adequate for disaggregation of effects, 
preparedness of the communities and disaster managers actions, in view of possible 
major aftershocks. The earthquakes were followed by secondary effects (small 
tsunami, landslides, surface faulting, liquefaction), thus contributing to the synergy of 
repercussions (Makropoulos and Kouskouna 1994, Albini and Pantosti 2004). 

Figure 3: 
Formulation of the 
earthquake game 
tree for policy 
selection 
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Figure 4: Game tree for the Lefkas 2015 earthquake and related effects 

Tōhoku-Oki 2011, Mw9.0 
The mega thrust 11 March 2011 Tōhoku earthquake is considered as the most studied 
earthquake in recent years in all aspects and the most important event of the 
beginning of the 21st century in the advanced industrial world. Due to the earthquake, 
a tsunami with the highest run-up ever measured in Japan was generated. This was the 
first time that an earthquake generated tsunami caused a nuclear accident with 
explosions and leaks in three reactors at the Fukushima I Nuclear Power station. This 
earthquake initiated the procedures for the Third UN World Conference on Disaster 
Risk Reduction (Sendai Framework for Disaster Risk Reduction 2015-2030). This event 
is the ultimate example for studing the synergy of most earthquake related effects. 
Moreover, as its magnitude places the event at the level of mega-earthquakes, its 
secondary effects initiated catastrophic tertiary effects: major technological disaster 
and its major foreshock and aftershock produced their own tsunamis (figure 5). 

Figure 7: Lixouri, 1953. The standing 
undamaged building at the far left is the 
primary school designed and built in 1933 by 
the Kefallonian architect Thucydides Valentis. 

Figure 8: Damage at Kajuhova due to Brežice 1917 

earthquake (Nečak and Cecić 2018) 

Earthquake	 Fatalities	 Injured	 Damage	 Economic	
Loss	
(2018	

value)	

Direct	 Secondary	 Direct	 Secondary	 Direct	 Secondary	
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April	1894	

	
Atalanti	27	
April	1894	
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5	
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11+	

8	
(landslide)	

Imax	XI	
	

	
Imax	XI	(at	
least	1.337	

buildings	
collapsed)	

	 	
	

$10-50	
million(?)	
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1	 1	(ground	

failure	or	
liquefaction)	

20/100	 few	 Imax	VIII	(2	

destroyed,	57	
very	heavy	
damage,	99	

heavy	
damage)	

	 $5	

million	

Cefallinia	

1953	

455	+	21	missing	 2,500	 27,500	totally	destroyed		

2,400	damaged	
467	survived	

(out	of	33,300)	

$100	

million(?)	

Tōhoku-

Oki	2011	

268	 18,002	

(tsunami)	
230	(fires	&	

landslides)	
600	(other)	

6,157	 13,721–	

28,147	
destroyed		

113,227–
194,367	

partially	
destroyed	
705,198–

771,616	
partially	

damaged	

98,697–

112,402	
destroyed		

78,294	–	
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partially	
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31,225-

95,254	
partially	
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million	

Lefkas	
2015	

1	 1	(rockfall)	 10	 Imax	VIII	(Small	
percentage	of	

the	building	
stock	was	
affected,	

mainly	the	
non-

engineered	
traditional	

constructions)	

	 $20	
million	

	

Lefkas 2015, Mw6.5 
Lefkas is one of the seven Ionian islands in Greece, at the NW part of the Hellenic Arc. 
The Ionians are characterized by remarkably high seismicity with frequent occurrence 
of strong earthquakes (Mw≥6.0). The local population is familiar with, and 
psychologically prepared, for the earthquake phenomenon, with an adequate level of 
preparedness in terms of building vulnerability and regional/national response  
(Kassaras et al., 2015). One of the two fatalities was due to shaking from the 2015 
earthquake. However, the other fatality was due to a massive rockfall and the related 
damage was not anticipated, as it contributed as ‘landslide risk’ to the total risk  due to 
the earthquake (figure 4). 
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