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Preface

Accidents are inevitable in our lives and affect us in many aspects ranging from 
economical to social, health to legal. While it is not possible to remove accidents 
from our lives completely, it is possible to develop new techniques or set new 
standards or prepare contingency plans to reduce their possibility of happening 
or to alleviate their consequences. This book, aiming to enlighten our ways to 
prevent accidents, is a compilation of articles authored by reputable international 
academicians from different prestigious academic institutions in Canada, Israel, 
Slovenia, Turkey, the United Kingdom, and the United States of America.

The chapters forming this book provide the reader with contemporary information. 
While the topics of these chapters are related to accidents and their prevention, 
they also approach the accident phenomenon from different aspects. 

The first and introductory chapter, “Analysis and Prevention of Accidents”, starts 
with a depiction of a traffic accident. Then it provides numbers related to traffic 
accidents such as casualties, budget losses, damaged vehicles etc. Later, the chapter 
suggests that most accidents stem from human related issues such as distracted 
driving, fatigue, drunk driving. After that, the chapter goes through the analysis 
of accidents. Finally, it opens an argument on the use of autonomous vehicles and 
their possible positive effects on the reduction of traffic accidents. As a conclusion, 
to prevent traffic accidents, the author of the chapter recommends development of 
high standards for licensure of drivers, strict implementation of traffic regulations, 
increasing public awareness and promotion of public transportations as the 
best means.

The second chapter, “Attention Deficit Hyperactivity Disorder (ADHD) and Other 
Neurocognitive Factors Contributing to Road Traffic Accidents (RTA)”, suggests 
that while traffic accidents stem from different factors, neurocognitive driver 
function causes about 25% of most accidents. In this regard, the second chapter 
investigates the most common disorders that contribute to traffic accidents. These 
disorders can be listed as follows: attention deficit hyperactivity disorder (ADHD), 
specific learning disabilities such as dyslexia, autism spectrum disorder (ASD) in 
adolescents and young adult drivers, and mild cognitive impairment (MCI) and 
dementia in older drivers. 

The second chapter discusses the features of these disorders and how they impair 
driving along with evidence-based treatments and interventions. The author 
suggests that increasing awareness of these disorders, screening for them, and 
offering treatment when appropriate can contribute to reduction of traffic 
accidents. On the other hand, the lack of attention to these disorders within the 
road safety disciplines also constitutes a significant problem that must be handled 
with attention.

The third chapter, “Can Autonomous Vehicles Prevent Traffic Accidents?”, handles 
traffic accident causes, and approaches them from different aspects. According to 
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IV

the author of the chapter, and from a positive perspective, AVs will contribute to 
traffic safety, increase economic and social benefits, and contribute to environmental 
protection. However, from a negative point of view, AVs would be hacked, expose 
our data to third parties, cause liability problems, increase carbon emissions into 
the atmosphere, risk our health, and constitute a financial burden in economies. 
The chapter also gives general information on the history of AVs with a general 
description of them and explains how AVs work. Then it lists the concerns regarding 
AVs with the pros, cons, moral and legal issues of AVs. 

The author of the chapter suggests that AVs are more advantageous than human 
drivers, because AVs easily obtain and maintain situational awareness, never feel 
fatigued, and never work under the influence of alcohol. However, while AVs seem 
better off than human drivers in terms of safety, there is not yet a global consensus 
on the safety level of the AVs. Aside from a global level, even at a national level, it is 
hard to find a common ground. This chapter also shows how expectations from 
AV safety levels differ from country to country. Finally, the chapter implies that if 
AVs are tested, and the test data are shared, processed, and used for improvisation 
globally, it is more likely for AVs to be developed and to become more effective in 
the prevention of accidents.

The fourth chapter, “Novel Approach in Tunnel Safety Assessment”, studies the 
conditions that are developed in the event of an accident with a fire in a road tunnel 
and presents a complexity of fire scenarios with different tunnel ventilations and 
fire forces using computational fluid dynamics (CFD) simulations. From the point 
of view of the tunnel manager and rescuers, the methods of tunnel control in crisis 
situations are most often based on the experience of operators and crisis plans, 
which are also made by experience or using simple calculation tools. The chapter 
presents the methodology for integrating methods of rapid processing of risk 
assessment with time-consuming CFD methods for analyzing the consequences 
of fire in the tunnel safety assessment process. Although the process for CFD 
calculation is time demanding, the author of the chapter believes that taking such 
time is important, as it provides more reliable results and better support for the 
decision-making in the selection of effective risk control options.

The fifth chapter, “Simulation Fidelity and Skill Learning during Helicopter Egress 
Training: The Role of Vision”, aims to evaluate the effects of ambient lighting during 
practice and performance of simulated helicopter escape sequences. The chapter 
provides its readers with the results of an experiment where trainees were divided 
into three groups depending on the light setting of the environment, and then were 
asked to perform escape sequences. The results of the study showed that training in 
the light is suitable for potential performance in the dark.

The sixth chapter, “Scaling Accident Coping Strategies and Testing Coping Capability”, 
aims to outline the basis for a systematic and consistent process for modelling civil 
emergency response. The framework of this process consists of assessment of the 
risk of occurrence, judgement if the assessed risks are acceptable compared to 
society’s benefit, and ultimately provision of a generalized emergency service that 
will try to mitigate the consequential impact. In other words, this chapter studies 
and tests whether the preparedness, response and recovery capability is adequate 
and then presents a new paradigm for accident management, involving the need to 
quantitatively scale accident and disaster coping strategies and capability. 

V

Through different perspectives, accident phenomenon has been handled from 
different aspects. Thus, the reader will be provided with up-to-date information 
and recommendations regarding the elimination or alleviation of the consequences 
of accidents. Finally, I would like to express my appreciation to the contributors of 
this book for their invaluable efforts to complete this book. 

Dr. Murat Darçın
Gendarmerie and Coast Guard Academy,

Ankara, Turkey
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Chapter 1

Introductory Chapter: Analysis 
and Prevention of Accidents
Murat Darçın and Caner Filiz

1. Introduction

A highly damaged car is pulled off, while another salvage one is across it. Police 
cars parked with blue and red top lights are on. One paramedic is zipping a “full” 
body bag, while the other two are carrying a victim to the ambulance in a hurry. 
Crumbled headlight glasses and leaked radiator liquid are all over the lane you drive 
through. You both avoid those on the ground and try to see what has happened a 
short while ago. At the same time, your eyes catch a police officer staring at you. He 
is waving his hand to make the traffic flow.

This is an unfortunate incident; however, it is a familiar scene we faced at 
least once in our lives while driving on the road. According to the World Health 
Organization [1], every year 1.35 million people die all over the world because 
of traffic accidents, while some 20–50 million people survived with nonfatal 
injuries; however, some of them still become disabled. A press release [2] by the 
US Department of Health and Human Services’ Centers for Disease Control and 
Prevention suggests that in 2012 more than 2.5 million people visited emergency 
rooms of hospitals because of traffic accidents. However, this is only one facet of the 
traffic accident phenomenon.

Another report of the U.S. Department of Transportation’s National Highway 
Traffic Safety Administration [3] provides a detailed cost analysis of accidents 
that occurred in America in the year 2010. According to this report, almost 33,000 
people lost their lives, 3.9 million were injured, and 24 million vehicles are damaged 
as well. The report analyzes and groups the traffic accidents’ nine pecuniary con-
sequences under two categories: costs related to injury cases and expenses related 
to noninjury cases. The former consists of medical care ($ 23.4 billion), emergency 
medical services ($ 1 billion), market productivity ($ 57.6 billion), household 
productivity ($ 19.7 billion), insurance administrations ($ 20.6 billion), workplace 
($ 4.6 billion), and legal costs ($ 10.9 billion), and the latter consists of congestion 
($ 28 billion) and property damage ($ 76.1 billion) costs. Altogether, the accidents’ 
financial burden on the US economy reaches $ 241.9 billion. The percentages of 
these costs are shown in Figure 1 [3].

As seen so far, traffic accidents cause not only personal losses but also a signifi-
cant burden on the gross domestic product of states. To avoid these consequences, 
each country develops and conducts its own policies and programs. While most 
of the causes of accidents look the same and can be handled together, in fact, 
the traffic accidents’ causes differ from state to state with regard to its level of 
development.

The Korean Road Traffic Authority defines the causes of traffic accidents as 
unsafe factors, unsafe road environments, insufficient driver knowledge, failure to 
recognize the danger, and improper thinking [4]. The Government of Jharkhand’s 
Transport Department lists the causes of traffic accidents as overspeeding, drunken 
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driving, distractions to driver, red light jumping, and avoiding safety gears like seat 
belts and helmets [5]. A study prepared by the U.S. Department of Transportation’s 
National Highway Traffic Safety Administration to be presented to the US Congress 
defines the causes of traffic accidents as driver-related, vehicle-related, roadway-
related, and atmospheric condition-related factors [6].

From the view of a law firm in the United States, causes of accidents are long-
listed as follows: distracted driving, speeding, drunk driving, reckless driving, 
rain, running red lights, running stop signs, teenage drivers, night driving, design 
defects, unsafe lane changes, wrong-way driving, improper turns, tailgating, 
driving under the influence of drugs, ice, snow, road rage, potholes, drowsy driv-
ing, tire blowouts, fog, deadly curves, animal crossings, and street racing [7]. Even 
though there seem to be many causes, it can be said that almost all of the accidents 
arise from the faults of humans. For instance, while drunk driving or running red 
lights are explicitly related to drivers, on the other hand, most of the vehicle- or 
road-related accidents such as tire blowouts (not changed in time) or unseen road 
signs (not controlled by road authority officials) are implicitly related to humans. 
This shows that humans must be in the center of the struggle for policies developed 
to prevent traffic accidents. Nevertheless, are the humans aware of that they are the 
main reasons for traffic accidents?

A recent study [8] researched the reasons behind the accidents by gathering data 
from the interview with police officers and drivers and also from traffic accident 
reports. Two of the main findings of the study are:

• The reasons for accidents differ between the genders and across the age groups.

• When police officers and drivers are asked to assign reasons to accidents, they 
only generated 25 possible causes; however, real accident reports included 63 
accident causes [8].

The second finding mentioned above shows that the perceptions of people 
regarding accidents’ causes are inadequate to understand the reasons and dynamics 
of accidents. Conversely, some factors such as uncorrected eyesight were listed by 
police officers and drivers; however, that did not take enough place in crash reports.

Traffic accidents cause inevitable and devastating individual, social, and eco-
nomic impacts, and thus preventing those accidents is of great importance. So what 

Figure 1. 
Components of total economic costs.
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can be done to solve this issue? The answer is quite simple: “What gets measured get 
managed” [9].

Since the end of the twentieth century, traffic accidents began to be analyzed 
by professionals in order to reveal the real underlying causes of traffic accidents. 
Projects like German In-Depth Accident Study (GIDAS) [10] are done to analyze 
and reconstruct traffic accidents. GIDAS project’s objectives are the development 
of legislation, biomechanical research, automotive engineering arrangements, and 
public relations [11]. Similar studies are conducted all over the world; however, using 
scientific methods are far better than classical accident reporting methods. Because:

Underreporting due to inconsistent law enforcement practices may also explain 
why uncorrected or defective eyesight was frequently generated as a factor by 
police officers (and the public), but was rarely reported in the accident records. 
Policymakers rely on road accident statistics to inform their recommendations and 
new policy initiatives. Based on our current findings, we recommend that police 
officers and policymakers be cognizant of potential underreporting of factors 
associated with driver risk [8].

Improving active and passive anti-collision systems, educating people, and 
conducting detailed (data) analyses are necessary in order to define policies. This 
kind of studies collect great amount of data for each accident [12], calculate several 
variables such as road friction coefficients [13], reconstruct accidents, and then 
evaluate several aspects of accidents such as injury probability functions for pedes-
trians and bicycles [14]. In addition to policymaking, improving vehicle safety, 
and educating people, there is another way to ensure safe roads: the use of smart 
technologies, in other words autonomous vehicles.

Artificial intelligence, one of the most popular phenomena of the last few 
years, is basically defined as “the capability of a machine to imitate intelligent 
human behavior” and “a branch of computer science dealing with the simulation 
of intelligent behavior in computers” [15]. Similarly, autonomous vehicles (AVs) 
are also expected to imitate human drivers’ behaviors. Typically, in addition to 
a conventional vehicle, an AV has sensors to see its surrounding environment, 
complex CNN1 or DNN2 type (or similar) algorithms to analyze the data gathered, 
a powerful processor to make decisions, and other parts to convert the decisions to 
necessary actions.

Today, hundreds of thousands of AVs are on the roads. Besides, that number is 
anticipated to climb up, and autonomous cars are expected to constitute 25% of 
cars worldwide in 2035 [16]. However, what makes these AVs so unique? Is it the 
hi-tech equipment they have or the comfort they provide? Essentially, the promi-
nent benefits they bring us are freedom of movement of incapables such as children 
or visually impaired people, better management of traffic flow, and the reduced 
number of accidents.

Nevertheless, some cannot trust in AVs and claim that AVs are not safe, at least 
100% safe. Also, a recent research paper suggested that Level 2 and even Level 3 AVs 
would involve in accidents on German motorways [17]. But, are the AVs responsible 
for these accidents?

1 Convolutional neural network (CNN): A specific type of artificial neural network that uses percep-
trons and a machine learning unit algorithm, for supervised learning, to analyze data. CNNs apply to 
image processing, natural language processing, and other kinds of cognitive tasks.
2 Deep neural network (DNN): A neural network with a certain level of complexity and a neural 
network with more than two layers. Deep neural networks use sophisticated mathematical modeling to 
process data in complex ways.
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can be done to solve this issue? The answer is quite simple: “What gets measured get 
managed” [9].

Since the end of the twentieth century, traffic accidents began to be analyzed 
by professionals in order to reveal the real underlying causes of traffic accidents. 
Projects like German In-Depth Accident Study (GIDAS) [10] are done to analyze 
and reconstruct traffic accidents. GIDAS project’s objectives are the development 
of legislation, biomechanical research, automotive engineering arrangements, and 
public relations [11]. Similar studies are conducted all over the world; however, using 
scientific methods are far better than classical accident reporting methods. Because:

Underreporting due to inconsistent law enforcement practices may also explain 
why uncorrected or defective eyesight was frequently generated as a factor by 
police officers (and the public), but was rarely reported in the accident records. 
Policymakers rely on road accident statistics to inform their recommendations and 
new policy initiatives. Based on our current findings, we recommend that police 
officers and policymakers be cognizant of potential underreporting of factors 
associated with driver risk [8].

Improving active and passive anti-collision systems, educating people, and 
conducting detailed (data) analyses are necessary in order to define policies. This 
kind of studies collect great amount of data for each accident [12], calculate several 
variables such as road friction coefficients [13], reconstruct accidents, and then 
evaluate several aspects of accidents such as injury probability functions for pedes-
trians and bicycles [14]. In addition to policymaking, improving vehicle safety, 
and educating people, there is another way to ensure safe roads: the use of smart 
technologies, in other words autonomous vehicles.

Artificial intelligence, one of the most popular phenomena of the last few 
years, is basically defined as “the capability of a machine to imitate intelligent 
human behavior” and “a branch of computer science dealing with the simulation 
of intelligent behavior in computers” [15]. Similarly, autonomous vehicles (AVs) 
are also expected to imitate human drivers’ behaviors. Typically, in addition to 
a conventional vehicle, an AV has sensors to see its surrounding environment, 
complex CNN1 or DNN2 type (or similar) algorithms to analyze the data gathered, 
a powerful processor to make decisions, and other parts to convert the decisions to 
necessary actions.

Today, hundreds of thousands of AVs are on the roads. Besides, that number is 
anticipated to climb up, and autonomous cars are expected to constitute 25% of 
cars worldwide in 2035 [16]. However, what makes these AVs so unique? Is it the 
hi-tech equipment they have or the comfort they provide? Essentially, the promi-
nent benefits they bring us are freedom of movement of incapables such as children 
or visually impaired people, better management of traffic flow, and the reduced 
number of accidents.

Nevertheless, some cannot trust in AVs and claim that AVs are not safe, at least 
100% safe. Also, a recent research paper suggested that Level 2 and even Level 3 AVs 
would involve in accidents on German motorways [17]. But, are the AVs responsible 
for these accidents?

1 Convolutional neural network (CNN): A specific type of artificial neural network that uses percep-
trons and a machine learning unit algorithm, for supervised learning, to analyze data. CNNs apply to 
image processing, natural language processing, and other kinds of cognitive tasks.
2 Deep neural network (DNN): A neural network with a certain level of complexity and a neural 
network with more than two layers. Deep neural networks use sophisticated mathematical modeling to 
process data in complex ways.
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DMV (Department of Motor Vehicles) of California, shares the data of traffic 
accidents and according to related data, there are 234 accidents in which AVs are 
involved that happened in California from January 1, 2014 to December 31, 2019. 
However, this number does not mean that in all cases, the AVs are responsible [18]. 
In most cases, AVs are not the primary actors in these accidents, because they are 
equipped with several systems to prevent accidents such as lasers, high-powered 
cameras, radars, and even sonars. While they are not entirely safe, AVs are still in 
the developmental phase, and until Level 5 (fully automated, driverless) AVs set 
on roads, drivers will stay behind the wheels. Thus, people will be the main actor 
in traffic accidents. Due to the fact that 94% of the severe accidents stemmed from 
human errors [19], most policies and training programs must focus primarily 
on people.

Awareness creation, strict implementation of traffic rules, and scientific engi-
neering measures are listed as methods for accident prevention in Ref. [20]. It is 
suggested that successful strategies for accident prevention must focus on six main 
areas that are national programs and target setting, safer driving behavior, safer 
vehicles and roads, safer pedestrians and vulnerable road users, education, training 
and publicity, and data systems (for analyses for policymakers) [21]. A detailed 
literature review of accidents that happened in the East and South Africa claims 
that related studies focused on four main fields: road safety policy, health educa-
tion, safety equipment, and data collection.

As described so far, humans are the primary reasons for traffic accidents, and 
regardless of a driver’s age, where he or she lives, or his or her country’s develop-
mental level, all policies shall put the humans in the center of their focus. Overall, 
setting high standards for licensure of drivers, strictly implementing traffic regula-
tions, increasing public awareness, and promoting public transportations seem to 
be the best means in the field to prevent traffic accidents.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Attention Deficit Hyperactivity 
Disorder (ADHD) and Other 
Neurocognitive Factors 
Contributing to Road Traffic 
Accidents (RTA)
Thaddeus P. Ulzen

Abstract

Road traffic accidents (RTAs) are among the leading causes of mortality world-
wide. RTAs are multifactorial in origin, but neurocognitive function of drivers 
contributes about 25% of the variance of most accidents. This chapter reviews the 
commonest disorders that contribute to RTA. They are attention deficit hyperactiv-
ity disorder (ADHD), specific learning disabilities (e.g., dyslexia), autism spectrum 
disorder (ASD) in adolescents and young adult drivers, and mild cognitive impair-
ment (MCI) and dementia in older drivers. The features of these disorders and how 
they impair driving along with evidence-based treatments and interventions are 
discussed. Increasing awareness of these disorders, screening for them, and offering 
treatment when appropriate can contribute to reducing the disease burden related 
to RTA, which is currently the eighth leading cause of death across all ages globally. 
The lack of attention to these disorders within the road safety disciplines constitutes 
a significant public health problem which requires attention.

Keywords: neurocognitive factors, ADHD, learning disabilities (LD), dyslexia, 
autism spectrum disorder (ASD), mild cognitive impairment (MCI), dementia,  
road traffic accidents (RTAs)

1. Introduction

According to the World Health Organization (WHO), some 1.35 million people 
die and another 50 million people are injured or disabled from road traffic accidents 
(RTAs) annually across the globe. RTAs remain the eighth leading cause of death for 
people of all ages [1]. Unfortunately, the SDG target to halve road deaths by 2020 
will not be achieved. The mortality rates in low-income countries are three times 
that of high-income countries. Though mortality from RTA has dropped by 50% 
over the last 16 years globally, the rate is far short of the SDG target. No low-income 
country has reduced its mortality rate from RTA since 2013. It is the leading cause of 
death between the ages of 5 and 29 years, globally [2].

While there are likely many factors contributing to these accidents in mor-
tality and morbidity estimates, the relative contributions of individual driver 
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neurocognitive characteristics are not fully understood or emphasized in road 
safety programs.

Neurocognitive difficulties resulting from conditions like attention deficit 
hyperactivity disorder (ADHD), specific learning disabilities, autism spectrum 
disorder and mild cognitive impairment, Alzheimer’s disease, and other dementias, 
among other conditions, are likely to play a role in particular circumstances in road 
traffic accidents.

From a population health standpoint, these conditions have a fairly high preva-
lence among the driving public. The worldwide prevalence of ADHD is about 7%, 
Learning disabilities, such as dyslexia occur at about the rate of 7%, ASD at about 
2% and dementia because it about 5–7% in most world regions in individuals over 
60 years of age. In this chapter, a review of the current knowledge on the contribu-
tion of these individual driver factors to road traffic accidents is examined.

The WHO has developed road safety guidelines for member states, given the 
significant contributions of RTA to global disease burden. The pillars of focus 
are (1) road safety management, (2) safer roads and mobility, (3) safer vehicles, 
(4) safer road users, and (5) post-crash response. Interestingly, individual driver 
neurocognitive challenges are not directly addressed by this initiative. The WHO 
has focused on supporting member countries to enact legislation to manage exces-
sive speeding, drunk driving, motorcycle helmet use, the use of seatbelts while 
driving, and child restraints, all of which are impacted by road user neurocognitive 
deficits. Compliance with these behavioral elements of road safety is affected by 
undiagnosed and untreated neurocognitive factors.

Since 2014, only 22% of member countries have amended their laws to fall in line 
with one or more of the key pillars, positively impacting about 14% of the world’s 
population.

Driving is a complex cognitive-motor-perceptual-multi-tasking activity, and 
given the significant prevalence of disorders like ADHD, learning disabilities, ASD, 
and dementia, the core symptoms of these disorders are likely to contribute to road 
traffic accidents and are unlikely to be affected by the interventions outlined by the 
WHO. As a result, the standard of care requires physicians to notify their patients 
if their medical condition can potentially impair the operation of potentially 
dangerous equipment, such as motor vehicles. In fact, this is the law in most states 
[3]. Traditionally, neurocognitive functioning of drivers has not been considered a 
factor in evaluating road safety programs [2].

Individual driver factors reportedly comprise 25% of the variance of RTA [4].
In this chapter, the state of the literature in contributing to our understanding of 

the relationship between these disorders and driving is reviewed in the order below:

2. Attention deficit hyperactivity disorder (ADHD)

ADHD is one such individual-level factor, which has been extensively studied 
globally. Its core symptoms are inattention, distractibility, and impulsivity. It is 
mostly a genetic neurodevelopmental disorder beginning in childhood, which tends 
to be enduring and lifelong. Increasingly, emotional lability and difficulties with 
anger control have also been recognized as a common symptom [5, 6].

Other symptoms reflective of impaired executive functioning, including risk-
taking behaviors such as difficulty in planning and setting priorities, make for 
an increased risk of accidents when someone with these symptoms is operating 
a motor vehicle. Evidence establishing driving risks has been obtained from self-
report, informant report studies, simulation studies, on-road testing, and official 
driving records [7–9].
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The literature over the past two decades suggest an association between ADHD 
and driving accidents in North America and other western countries [10, 11]. 
Barkley indicated that drivers themselves report inattention as the single most 
frequent reason for their car accidents [12]. Insurance data also suggests that ADHD 
drivers had 3.3 times more accident-related claims than controls [13]. Researchers 
have also presented findings suggesting that educational achievement is inversely 
related to road traffic driver accidents and injuries [14–16].

Identification of drivers with ADHD and their treatment has been correlated 
in some jurisdictions with reduced risk of RTAs and fatalities [14, 16–18]. Vaa in a 
meta-analysis in 2003 presented findings suggesting that individuals with ADHD 
had a 54% higher risk of being involved in an accident when compared with non-
ADHD drivers [19]. However, in a later meta-analysis in 2014, Vaa et al. showed that 
comorbidity accounted for a large portion of the variability in ADHD-influenced 
accidents. They distinguished between intentional violations and driving errors. 
The former was more common in ADHD cormorbid with ODD and CD and the 
latter with ADHD occurring alone. Speeding was a common reason for driving 
errors in patients with ADHD alone [20]. This contradicted Barkley’s 1993 finding 
of ADHD accounting for a fourfold increase in relation to RTA.

Chang et al., in a population-based prospective study in Norway, confirmed the 
increased risk of RTA in adults with ADHD and more importantly confirmed that 
with medication treatment, there was a 58% risk reduction for driving accidents in 
males [17]. There was no data on females reported in this study. Numerous stud-
ies have shown that treatment of ADHD with methylphenidate has been found to 
reduce collision and other traffic violation rates and also reduction in “angry and 
hectic driving” in drivers with ADHD [21–23].

Simulation studies have also addressed the comparative impairment caused by 
ADHD to that resulting from alcohol use in drivers. Subjects with ADHD had more 
difficulty maintaining constant speed than controls when tested with alcohol at 0.05% 
BAC relative to placebo. They also had a positive illusory bias which caused them to 
overestimate their abilities while driving and viewed themselves as less intoxicated 
than controls when tested with the same level of alcohol [24, 25]. These findings from 
simulation studies raise concerns about the additional risks posed by common comor-
bid conditions of ADHD, such as alcohol and substance abuse. It is established that 
individuals with untreated ADHD are more likely to have substance use disorders [26].

In an analysis of over 7000 severe pedestrian injuries and deaths, the New York 
City Department of Transportation in 2010, demonstrated the particular vulner-
ability of pedestrians in RTA. The results revealed that driver inattention accounted 
for 36% of the pedestrian-involved accidents. Drivers failing to yield to pedes-
trians, driver speed, and intoxication accounted for 27, 21, and 8%, respectively. 
Pedestrians were noted to be at fault in 20% of cases [1]. Importantly, most fatalities 
from accidents involve vulnerable populations like pedestrians, cyclists, and motor-
bike riders [1]. Inattention is a core ADHD symptom, and speeding was often a 
reflection of impulsivity, another core ADHD symptom. Additionally, drivers with 
ADHD seem to have more distractibility during low-stimulus driving such as found 
on interstate highways. They tend to be more fatigue-prone in these situations, from 
visual and task monitoring [27].

Individuals with ADHD are at significant risk of being involved in RTA due to 
the features of their condition. This reality is supported by many studies showing 
increased rates of motor vehicle accidents and impulsive-influenced driving behav-
iors compared with those without ADHD. Both pharmacologic and non-pharma-
cologic interventions can reduce these risks. The non-pharmacologic interventions 
include manual transmission vehicles, hazard perception training, and electronic 
motion alerts on vehicles [28, 29].
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among other conditions, are likely to play a role in particular circumstances in road 
traffic accidents.

From a population health standpoint, these conditions have a fairly high preva-
lence among the driving public. The worldwide prevalence of ADHD is about 7%, 
Learning disabilities, such as dyslexia occur at about the rate of 7%, ASD at about 
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the relationship between these disorders and driving is reviewed in the order below:
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Pedestrians were noted to be at fault in 20% of cases [1]. Importantly, most fatalities 
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visual and task monitoring [27].

Individuals with ADHD are at significant risk of being involved in RTA due to 
the features of their condition. This reality is supported by many studies showing 
increased rates of motor vehicle accidents and impulsive-influenced driving behav-
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include manual transmission vehicles, hazard perception training, and electronic 
motion alerts on vehicles [28, 29].
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Treating physicians should consider the potential impact of a patient’s ADHD 
symptoms on driving behaviors and possible related outcomes when developing a 
treatment plan for their patients. Significant psychoeducation is central to a positive 
outcome, resulting in improved treatment compliance.

3. Specific learning disabilities

Specific learning disabilities are also a source difficulty in driving for those 
afflicted. They are often comorbid with ADHD in about 30% of individuals with 
either disorder. Dyslexia is the commonest of the specific learning disabilities. It has 
been estimated that 7% of the population could be considered as dyslexic, a specific 
learning disorder impairing accurate or fluent word recognition despite adequate 
instruction and intelligence and intact sensory abilities [30].

Individuals with dyslexia have difficulty perceiving written words accurately 
in their environment. There are numerous kinds of dyslexia, including pho-
nological dyslexia, which includes selective difficulty with nonword reading; 
surface dyslexia, which is selective difficulty with exception of word reading, 
and visual dyslexia, where words are frequently misread as another, particularly 
visually similar words. There is also lexical non-semantic reading, i.e., reading 
without comprehension and pure alexia where words can only be read letter by 
letter.

This suggests that the reading of road signs, for example, can be quite problem-
atic for these individuals. Moving text messages that are now more frequently used 
as road signs would be more difficult for them.

They have shorter legibility distances because they have to make a greater cogni-
tive effort to accurately decipher road signs. While trying to read road signs when 
driving, there is more gazing and poor speed control. They have a longer reading 
time and have to apply an increased cognitive effort.

These drivers are usually helped by the use of pictograms rather than written 
words or moving text messages that have become more popular. The use of pic-
tograms in conjunction with the written word is helpful in reducing accidents in 
this population. Dyslexia is traditionally considered as a language-based disorder, 
and consequently, the processing of pictorial information would be theoretically 
preserved [30].

Other controlled studies show that even with pictorial signs, individuals with 
dyslexia are slower to decipher what they see [31]. Sigmundsson 2005 showed that 
dyslexic individuals had significantly slower responses than controls to signs shown 
to them in a simulator-based experiment [32].

Roca et al. confirmed this finding and suggest that pictorial information could 
be a potential countermeasure to reduce driving risk for dyslexic drivers but also 
cautioned that reliance on pictograms must be considered with care, because it 
was observed in their study that participants with dyslexia also showed increased 
cognitive effort when trying to identify the pictograms in the variable message signs 
(VMS) [33].

This is an area in which further research will be useful in clarifying the extent to 
which the processing of pictogram-based information can be more demanding for 
adult drivers with dyslexia than non-dyslexic control participants.

Specific learning disorders like dyslexia are often overlooked as deficits that 
are relevant in road safety because by definition, those afflicted have normal 
or superior cognitive and intellectual abilities. They have no outward signs of 
deficits.
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4. Autism spectrum disorder

Autism Spectrum Disorder (ASD) is a neurodevelopmental condition, which is 
associated with impairment of communication and social interaction, along with 
executive function deficits affecting working memory, motor coordination, atten-
tion, planning, mental flexibility, and visual perception [34, 35]. It has a worldwide 
prevalence of 0.6–2% [36] and is often comorbid with ADHD. They have great 
difficulty obtaining driver’s licenses. When they do obtain licenses, they do so much 
later than their neurotypical counterparts. In most countries, gaining a driver’s 
license represents increased independence and can lead to improved quality of life 
for individuals and their families [37].

A recent literature review by Lindsay [38] indicated that youth with ASD have 
face difficulties in obtaining a driver’s license. They have difficulty with handling 
unexpected changes, sustaining attention for long drives, and merging into traf-
fic and limited ability in reading facial expressions and gestures of other drivers. 
They also have issues with anxiety which manifest as poor driver confidence due to 
lower reaction time in changing situations. As a result, they avoid heavy traffic or 
highways or driving at night and have problems adhering to speed regulations and 
staying in their lanes.

These result in poor driving performance. They have an increased risk of 
accidents and have more driving hazards because they tend to delay in responding 
to social hazards requiring interaction with other road users. They are slow in per-
ceiving and responding to social stimuli within the driving context [39]. Research 
shows that people on the autism spectrum are also at greater risk of being involved 
in motor vehicle accidents, which poses risks not only for them but also for other 
road users in the community [40].

They have atypical eye gaze patterns, e.g., they may be fixated on billboards 
or their speedometer when they are driving. They tend to have increased anxiety 
if other drivers deviate from road rules, and they focus on those events instead of 
managing their own vehicles.

They tend to have increased reaction times to changes in the driving environ-
ment and more tactical driving difficulties with more crashes, as they have poor 
situational awareness [41].

They require specific interventions to make them safer drivers. Useful strategies 
for teaching people with ASD to drive include direct communication, minimal ver-
bal correction, encouraging coping mechanisms, breaking down tasks into smaller 
segments, and providing regular and consistent short-duration driving lessons. In 
many jurisdictions, there is an opportunity for clinicians and educators to advocate 
for further transportation-related training and supports for people with ASD [38]. 
They also require regular and consistent driving lessons over a longer period of time 
to achieve the level of skill required to acquire a license.

Many countries currently have no autism-specific licensing requirements for 
learner drivers, and there is a general lack of ASD-specific support and training 
packages for individuals, their families, and driving instructors [39]. At a mini-
mum, it is important to identify treatable comorbid conditions like ADHD and 
anxiety in these individuals to assist in making them safer drivers.

5. Mild cognitive impairment and dementia

It is estimated (2016) that there are 5.4 million individuals in the United States 
with dementia. It is projected that by 2050 there will be 13.8 million people with 
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tion, planning, mental flexibility, and visual perception [34, 35]. It has a worldwide 
prevalence of 0.6–2% [36] and is often comorbid with ADHD. They have great 
difficulty obtaining driver’s licenses. When they do obtain licenses, they do so much 
later than their neurotypical counterparts. In most countries, gaining a driver’s 
license represents increased independence and can lead to improved quality of life 
for individuals and their families [37].

A recent literature review by Lindsay [38] indicated that youth with ASD have 
face difficulties in obtaining a driver’s license. They have difficulty with handling 
unexpected changes, sustaining attention for long drives, and merging into traf-
fic and limited ability in reading facial expressions and gestures of other drivers. 
They also have issues with anxiety which manifest as poor driver confidence due to 
lower reaction time in changing situations. As a result, they avoid heavy traffic or 
highways or driving at night and have problems adhering to speed regulations and 
staying in their lanes.

These result in poor driving performance. They have an increased risk of 
accidents and have more driving hazards because they tend to delay in responding 
to social hazards requiring interaction with other road users. They are slow in per-
ceiving and responding to social stimuli within the driving context [39]. Research 
shows that people on the autism spectrum are also at greater risk of being involved 
in motor vehicle accidents, which poses risks not only for them but also for other 
road users in the community [40].

They have atypical eye gaze patterns, e.g., they may be fixated on billboards 
or their speedometer when they are driving. They tend to have increased anxiety 
if other drivers deviate from road rules, and they focus on those events instead of 
managing their own vehicles.

They tend to have increased reaction times to changes in the driving environ-
ment and more tactical driving difficulties with more crashes, as they have poor 
situational awareness [41].

They require specific interventions to make them safer drivers. Useful strategies 
for teaching people with ASD to drive include direct communication, minimal ver-
bal correction, encouraging coping mechanisms, breaking down tasks into smaller 
segments, and providing regular and consistent short-duration driving lessons. In 
many jurisdictions, there is an opportunity for clinicians and educators to advocate 
for further transportation-related training and supports for people with ASD [38]. 
They also require regular and consistent driving lessons over a longer period of time 
to achieve the level of skill required to acquire a license.

Many countries currently have no autism-specific licensing requirements for 
learner drivers, and there is a general lack of ASD-specific support and training 
packages for individuals, their families, and driving instructors [39]. At a mini-
mum, it is important to identify treatable comorbid conditions like ADHD and 
anxiety in these individuals to assist in making them safer drivers.

5. Mild cognitive impairment and dementia

It is estimated (2016) that there are 5.4 million individuals in the United States 
with dementia. It is projected that by 2050 there will be 13.8 million people with 
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dementia in the United States [42]. There is a public health concern that many with 
mild cognitive impairment and dementia continue to drive, in spite of the deficits 
associated with these conditions. These include memory impairment, poor deci-
sion-making, poor problem-solving skills, impaired insight and judgment, difficul-
ties with hand-eye coordination, reduced reaction time, visual attention deficits, 
and decreased visual spatial abilities [43]. Clinicians are often wary of advising 
these patients to stop driving because of the negative impact this will have on their 
autonomy and on the doctor-patient relationship [44]. These concerns contribute to 
under-reporting of patients to the appropriate transportation authorities in juris-
dictions with mandatory reporting requirements [45].

Recent cross-sectional study on women’s health revealed at 60% of older women 
with a mean age of 84 years with mild cognitive impairment and 40% with demen-
tia were still driving at the time of assessment [46].

Hird et al. [47] reported that patients with very mild Alzheimer’s disease (CDR-
0.5) and mild Alzheimer’s disease (CDR-1.0) were more likely to fail on-road tests 
than healthy control drivers (CDR-0.0) with failure rates of 13.6, 33.3, and 1.6%, 
respectively.

Chee et al. [48] reported that there is still a great deal of work to be done in 
determining the absolute and relative risk of motor vehicle collisions or driving 
impairment in patients with mild cognitive impairment and Alzheimer’s disease.

Screening instruments that are currently used to evaluate cognitive functioning 
are unable to distinguish between patients who should be referred to specialized driv-
ing centers for assessment. It is also difficult to accurately assess recommendations on 
caregiver’s opinion of driving performance and fitness to drive in the elderly [49].

More on-road assessment studies in older adults with dementia are needed to 
enhance confidence in on-road assessment prediction to find common ground to 
define the severity of dementia.

Motor vehicle collision data may play a more important role in mild cognitive 
impairment and preclinical dementia, as these diagnoses become more common-
place among the elderly who continue to drive. A clinically useful evidence-based 
algorithm for predicting safe driving among patients with mild stages of dementia 
remains elusive [50, 51].

Clinically, driving behaviors such as problems identifying landmarks or signs, 
lost trips, not wearing a seatbelt, less freeway driving, and closer to home and 
daylight driving may all be red flags suggesting that an elderly person may have 
worsening cognitive function and probably should not be driving. Additionally, 
assessment of activities of daily living (ADLs) may be a predictor of one’s ability to 
drive based on a broader assessment of functional capacity [52].

At earlier stages of cognitive decline, drivers are often less familiar with their per-
sonal limitations and may take more risks. Earlier assessment and interventions with 
driving ability have a greater potential to improve driving safety more effectively or, 
alternately, offer guidance on the timeliness of decisions regarding driving cessa-
tion, which are often difficult for healthcare providers, patients, and families alike.

There may also be a role for technology, e.g., instrumented vehicles, GPS 
tracking, and other data sensors which may provide interesting solutions to 
carefully study the longitudinal deterioration in driving ability of patients with 
dementia [53–55].

6. Summary

This review of common neurocognitive disorders that have an impact on 
driving raises questions about the application of the current state of knowledge 
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to rules, regulations, and laws governing the operation of motor vehicles in most 
jurisdictions.

The paradox is that in many jurisdictions applicants for drivers’ licenses have to 
declare whether they have epilepsy, which has a worldwide prevalence of 0.6% [56].

The disorders discussed in this chapter are much more prevalent and together 
are greater source of danger for drivers, both private and commercial and other 
road users.

Attention deficit hyperactivity disorder (ADHD), learning disabilities (LD), 
autism spectrum disorder (ASD), and dementia are all conditions for which simple 
validated screening tools are available. There is therefore a need to create capacity 
and knowledge within licensing and regulatory agencies, in collaboration with 
mental health professionals to ensure that individuals diagnosed with treatable 
conditions receive treatment for their own well-being and also for the safety of the 
public.

These conditions together with others that may not have been covered in this 
chapter constitute a significant public health concern and need to be addressed 
holistically within most jurisdictions to improve the safety of the driving public and 
pedestrians as well.
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Chapter 3

Can Autonomous Vehicles Prevent 
Traffic Accidents?
Caner Filiz

Abstract

Today, thousands of autonomous vehicles (AVs), also known as self-driving 
cars, are on roads. Besides, that number is anticipated to climb up, and AVs are 
expected to constitute 25% of cars worldwide in 2035. However, can AVs prevent 
traffic accidents? Results show that use of AVs will stay as a concern, and it will 
be hard to either champion or oppose them. From a positive perspective, AVs will 
contribute to traffic safety, increase economic and social benefits, and contribute 
to environmental protection. However, from a negative point of view, AVs would be 
hacked, expose our data to third parties, cause liability problems, increase carbon 
emissions into the atmosphere, risk our health, and constitute a financial burden in 
economies. The first section will introduce this chapter. The second section will give 
general information on the history AVs with a general description of them. How 
AVs work will be explained in the third section. The fourth section will mention the 
concerns regarding AVs. The pros, cons, and moral issues of AVs will be shown in 
the fifth section. The sixth chapter will argue the legal issues regarding AVs. Then, 
the seventh and final section will provide a conclusion.

Keywords: artificial intelligence (AI), autonomous vehicle (AV), self-driving car, 
computer vision, traffic accident, accident prevention

1. Introduction

Each year approximately 1.35 million people die as a result of traffic accidents 
that also cost most countries millions of dollars [1]. However, this unfortunate 
phenomenon mostly stems from humans. According to the US Department of 
Transportation’s National Highway Traffic Safety Administration (NHTSA), 94% 
of the severe traffic accidents happen because of human errors [2].

Korean Road Traffic Authority defines the causes of traffic accidents as unsafe fac-
tors, unsafe road environments, insufficient driver knowledge, failure to recognize the 
danger, and improper thinking [3]. A study prepared by the NHTSA to be presented 
to the US Congress defines the causes of traffic accidents as driver-related, vehicle-
related, roadway-related, and atmospheric condition-related factors [4].

Law firms approach problems from a different point of view since they aim to 
defend people at courts. As a result, they list the reasons for accidents in accordance 
with their legal bases. From the view of a law firm in the USA, causes of accidents 
are long listed as follows: distracted driving, speeding, drunk driving, reckless 
driving, rain, running red lights, running stop signs, teenage drivers, night driving, 
design defects, unsafe lane changes, wrong-way driving, improper turns, tailgating, 
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expected to constitute 25% of cars worldwide in 2035. However, can AVs prevent 
traffic accidents? Results show that use of AVs will stay as a concern, and it will 
be hard to either champion or oppose them. From a positive perspective, AVs will 
contribute to traffic safety, increase economic and social benefits, and contribute 
to environmental protection. However, from a negative point of view, AVs would be 
hacked, expose our data to third parties, cause liability problems, increase carbon 
emissions into the atmosphere, risk our health, and constitute a financial burden in 
economies. The first section will introduce this chapter. The second section will give 
general information on the history AVs with a general description of them. How 
AVs work will be explained in the third section. The fourth section will mention the 
concerns regarding AVs. The pros, cons, and moral issues of AVs will be shown in 
the fifth section. The sixth chapter will argue the legal issues regarding AVs. Then, 
the seventh and final section will provide a conclusion.

Keywords: artificial intelligence (AI), autonomous vehicle (AV), self-driving car, 
computer vision, traffic accident, accident prevention

1. Introduction

Each year approximately 1.35 million people die as a result of traffic accidents 
that also cost most countries millions of dollars [1]. However, this unfortunate 
phenomenon mostly stems from humans. According to the US Department of 
Transportation’s National Highway Traffic Safety Administration (NHTSA), 94% 
of the severe traffic accidents happen because of human errors [2].

Korean Road Traffic Authority defines the causes of traffic accidents as unsafe fac-
tors, unsafe road environments, insufficient driver knowledge, failure to recognize the 
danger, and improper thinking [3]. A study prepared by the NHTSA to be presented 
to the US Congress defines the causes of traffic accidents as driver-related, vehicle-
related, roadway-related, and atmospheric condition-related factors [4].

Law firms approach problems from a different point of view since they aim to 
defend people at courts. As a result, they list the reasons for accidents in accordance 
with their legal bases. From the view of a law firm in the USA, causes of accidents 
are long listed as follows: distracted driving, speeding, drunk driving, reckless 
driving, rain, running red lights, running stop signs, teenage drivers, night driving, 
design defects, unsafe lane changes, wrong-way driving, improper turns, tailgating, 



Accident Analysis and Prevention

20

driving under the influence of drugs, ice, snow, road rage, potholes, drowsy driv-
ing, tire blowouts, fog, deadly curves, animal crossings, and street racing [5].

Some may suggest that tire blowouts or unseen road signs are not human-
related. However, while drunk driving or running red lights are explicitly related 
to drivers, a tire that is not changed in time or an unseen road sign that is not 
controlled by road authority employee is still implicitly associated with humans and 
human errors. Overall, it can be said that almost all accidents arise from the faults 
of humans, as suggested by NHTSA [2]. Nevertheless, are the humans aware that 
they are the main reasons for traffic accidents?

A recent study [6] researched the reasons behind the accidents by gathering data 
from the interview with police officers and drivers and traffic accident reports. Two 
of the main findings of the study are as follows:

• the reasons for accidents differ between the genders and across the age groups 
and

• when police officers and drivers are asked to assign the reasons for accidents, 
they only generated 25 possible causes; however, real accident reports included 
63 accident causes [6].

The second finding mentioned above shows that the perceptions of people regard-
ing accidents’ causes are inadequate to understand the reasons and dynamics of 
accidents. Conversely, some factors such as uncorrected eyesight were listed by police 
officers and drivers; however, that did not take enough place in crash reports. While 
even police officers may have difficulty in identifying reasons behind accidents, how 
can we expect humans to take necessary actions to prevent traffic accidents? Or from 
another point of view, can AVs perform better than humans in driving? Before digging 
into details, first, we must look at the basic definition and the history of AVs.

2. The basic definition and a brief history of AVs

2.1 The basic definition of AV

AVs can be defined as the (self-driving) cars and trucks that combine sensors 
and software to control the vehicle safely without human drivers [7]. This definition 
mostly defines fully autonomous vehicles, which are not present now. However, 
there is a generally accepted road map and classification for autonomous cars 
prepared by the Society of Automotive Engineers (SAE) that will take humanity to 
a fully autonomous cars’ era. The classification consists of six categories to define 
the developmental level of autonomous vehicles ranging from Level 0 to Level 5 [8]. 
Figure 1 presents these classifications below.

2.2 The brief history of AVs

It is hard to find a starting point for the evolution of AVs. Encyclopedia 
Britannica suggests that AVs have taken place in science fiction works written by 
authors such as Isaac Asimov and Ray Bradbury [9]. It is also claimed that the time 
of the emergence of AVs on earth is the 1920s, and radio- or wire-controlled cars 
are examples of them. Isaac Asimov’s short story “Sally” features autonomous cars 
that contain positronic brains and do not require human drivers [10]. The cars in 
this sci-fi example satisfy the basic definition provided in this section; however, it 
is hard to say that radio- or wire-controlled cars are the prototypes or precedents of 
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today’s AVs because they are directly controlled by humans, and this situation does 
not comply with the definition.

Modern (and capable) AVs can be said to show up through the challenges that 
were held by the United States (US) Defense Advanced Research Projects Agency 
(DARPA). In 2004, DARPA launched its first grand challenge to speed up the inven-
tion of the first fully autonomous ground vehicles. On the first grand challenge, 15 
participant teams were asked to send their AVs from Barstow, California to Primm, 
Nevada (a 142-mile course in dessert terrain) on March 13, 2004 [11]. However, 
none of the AVs completed the route, and Carnegie Mellon University’s Red Team’s 
AV “Sandstorm” was the car that took the farthest distance, only 7.4 miles. Hence, 
the prize of $1 million went to none of the participants [12].

Eighteen months later, DARPA held its second grand challenge in the fall of 
2005 with a prize of $2 million. At this challenge, 5 AVs of 195 were able to complete 
a 132-mile route in southern Nevada. Stanford University’s AV “Stanley” won the 
challenge with a time of 6 hours and 53 minutes [13].

This second grand challenge proved that it is possible to make an AV that can 
drive itself in a demanding territory. The next step was to have AVs that can oper-
ate on the streets of a city. In 2007, DARPA conducted its third challenge under the 
name of “Urban Challenge.” This time, AVs are asked to drive through the streets of 
Victorville, California on November 1, 2007, and Tartan Racing’s Boss completed 
the race and won the prize of $2 million [14].

Besides the places they took, there were two factors that made Urban Challenge 
different from the previous two Grand Challenges. Urban Challenge required the 
participating teams to satisfy two primary necessities. The first one was to follow 
the California driving rules, and the second one was to succeed in the National 
Qualification Event (NQE) [14].

It was apparent that the participants were supposed to follow the traffic rules. 
Besides, it was also noteworthy that referees gave extra points to AVs if they followed 

Figure 1. 
Levels of autonomy (courtesy of SAE international).
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the rules. For instance, though Stanford University’s “Junior” completed the route 
1 minute earlier than Tartan Racing’s “Boss”; however, the latter was announced as 
the winner since it earned extra points for obeying the traffic rules [14].

Another important part of the necessities to be satisfied was the 
NQE. Consisting of three parts, NQE was held before the Urban Challenge to be 
sure that AVs were safe enough to self-drive through the streets of Victorville. The 
first part of the NQE, NQE A, required AVs to merge into and out of two-way 
jammed traffic. NQE B tested the AVs’ ability to stay within a lane in an environ-
ment with obstacles and finally find an assigned place for parking. During NQE 
C, AVs were tested for their abilities of intersection behaviors, U-turn, and road 
re-planning. As a result of overall NQE, 11 of 35 AVs were selected to attend Urban 
Challenge [14]. It can be said that setting requirements such as following traffic 
rules and satisfying NQE are the milestones for AV regulations today.

3. How AVs work

An AV uses several systems to replace a human driver and drive itself. Analogous 
to human body, a digital brain is necessary to manage all processes needed to drive 
a car. Gathering data from several sources such as radio detection and ranging 
(RADAR),1 sound navigation and ranging (SONAR),2 light detection and ranging 
(LIDAR)3 devices and cameras; employing computer vision to gather data and then 
processing those data; sending commands to mechanical parts to move AV such as 
making turns or stopping, and doing all these itself require an advanced computer 
program. Self-learning and self-acting capabilities cause these programs to be 
named as artificial intelligence (AI). So, what is AI?

AI, one of the most popular phenomena of the last few years, is defined as “a 
branch of computer science dealing with the simulation of intelligent behavior in 
computers” and “the capability of a machine to imitate intelligent human behavior” 
[15]. Similarly, as intelligent agents, AVs are also expected to imitate human drivers’ 
behaviors. Typically, in addition to a conventional vehicle, an AV has sensors to see 
its surrounding environment, complex CNN4 or DNN5 type (or similar) algorithms 
to analyze the data gathered, a powerful processor to make decisions, and other 
parts to convert the decisions to necessary actions.

While working, an AV senses and sees every detail around itself. A traffic sign, a 
pedestrian on a sidewalk, a traffic light, other cars passing by, buildings surround-
ing horizon, and even a street animal jumping into the road must be analyzed with 
the AI of AV to prevent any unwanted consequences.

1 RADAR is a device or system consisting usually of a synchronized radio transmitter and receiver that 
emits radio waves and processes their reflections for display and is used especially for detecting and 
locating objects (such as aircraft) or surface features (as of a planet).
2 SONAR is a method or device for detecting and locating objects especially underwater by means of 
sound waves sent out to be reflected by the objects.
3 LIDAR is a device that is similar in operation to radar but emits pulsed laser light instead of 
microwaves.
4 Convolutional Neural Network (CNN): a specific type of artificial neural network that uses percep-
trons, a machine learning unit algorithm, for supervised learning, to analyze data. CNNs apply to image 
processing, natural language processing, and other kinds of cognitive tasks.
5 Deep Neural Network (DNN): a neural network with a certain level of complexity and a neural 
network with more than two layers. Deep neural networks use sophisticated mathematical modeling to 
process data in complex ways.
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The second main part of an AV is its sensors. These sensors, as mentioned above, 
include mostly radars, lidars, sonars, and cameras. A radar is a device that transmits 
radio signals, receives them back and calculate the differences between those signals 
to detect objects, their sizes, velocities, and distances. Depending on its purpose 
and the platform it is used, a radar uses the signals at different wavelengths. A sonar 
works in the same manner; however, it employs sound waves (a specific subset of 
radio waves). A lidar, on the other hand, sends and receives millions of light beams. 
These systems have comparative advantages and disadvantages over each other, and 
AVs use them together to close any safety gap.

In terms of range, radar has the advantage over lidar, sonar, and camera. Because 
lidar and camera require visibility all times, sonar has a shorter working range. On 
the other hand, since an AV is mostly interested in its close circumference, lidar is 
the most advantageous one because of its speed and high frequency-high quality 
data gathering capability [16]. Cameras are better in image gathering, and sonars 
are better in close range object detection.

4. Are AVs really safe?

When it comes to reliability, all of four common sensors of AVs have security 
deficiencies, for example, radars and sonars could be jammed with electromagnetic 
waves. When these two transmit the signals, someone can use an energy source 
emitting (reflecting) waves in the same wavelength from a different range or a dif-
ferent angle. When it comes to lidar, special devices can be used to create light noise 
to jam lidar. The exciting part is related to cameras. The AIs of AVs use camera data 
for image detection and recognition with high accuracy; however, a recent study 
proved that simple physical elements or invisible attack patterns could be used to 
mislead AIs [17].

Figure 2 shows a specific example to attack by using physical elements. In this 
figure, a regular stop sign was attached with some black and white tapes. While 
these taped patterns do not create suspicion in humans, it may cause severe conse-
quences for AVs because this stop sign in Figure 2 is received by a CNN algorithm as 
a “Speed Limit 45” sign as in Figure 3 with a probability of up to 100% [18].

Another issue regarding the safety of AVs is the possibility of being hacked. In 
a controlled experiment conducted in earlier July 2015, two security researchers 
took over the control of a Jeep Cherokee [19]. The SUV was not an AV; however, it 

Figure 2. 
A stop sign with camouflage art attack (reproduced based on figures in Table 1 of [18]).
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the rules. For instance, though Stanford University’s “Junior” completed the route 
1 minute earlier than Tartan Racing’s “Boss”; however, the latter was announced as 
the winner since it earned extra points for obeying the traffic rules [14].
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NQE. Consisting of three parts, NQE was held before the Urban Challenge to be 
sure that AVs were safe enough to self-drive through the streets of Victorville. The 
first part of the NQE, NQE A, required AVs to merge into and out of two-way 
jammed traffic. NQE B tested the AVs’ ability to stay within a lane in an environ-
ment with obstacles and finally find an assigned place for parking. During NQE 
C, AVs were tested for their abilities of intersection behaviors, U-turn, and road 
re-planning. As a result of overall NQE, 11 of 35 AVs were selected to attend Urban 
Challenge [14]. It can be said that setting requirements such as following traffic 
rules and satisfying NQE are the milestones for AV regulations today.

3. How AVs work

An AV uses several systems to replace a human driver and drive itself. Analogous 
to human body, a digital brain is necessary to manage all processes needed to drive 
a car. Gathering data from several sources such as radio detection and ranging 
(RADAR),1 sound navigation and ranging (SONAR),2 light detection and ranging 
(LIDAR)3 devices and cameras; employing computer vision to gather data and then 
processing those data; sending commands to mechanical parts to move AV such as 
making turns or stopping, and doing all these itself require an advanced computer 
program. Self-learning and self-acting capabilities cause these programs to be 
named as artificial intelligence (AI). So, what is AI?

AI, one of the most popular phenomena of the last few years, is defined as “a 
branch of computer science dealing with the simulation of intelligent behavior in 
computers” and “the capability of a machine to imitate intelligent human behavior” 
[15]. Similarly, as intelligent agents, AVs are also expected to imitate human drivers’ 
behaviors. Typically, in addition to a conventional vehicle, an AV has sensors to see 
its surrounding environment, complex CNN4 or DNN5 type (or similar) algorithms 
to analyze the data gathered, a powerful processor to make decisions, and other 
parts to convert the decisions to necessary actions.

While working, an AV senses and sees every detail around itself. A traffic sign, a 
pedestrian on a sidewalk, a traffic light, other cars passing by, buildings surround-
ing horizon, and even a street animal jumping into the road must be analyzed with 
the AI of AV to prevent any unwanted consequences.

1 RADAR is a device or system consisting usually of a synchronized radio transmitter and receiver that 
emits radio waves and processes their reflections for display and is used especially for detecting and 
locating objects (such as aircraft) or surface features (as of a planet).
2 SONAR is a method or device for detecting and locating objects especially underwater by means of 
sound waves sent out to be reflected by the objects.
3 LIDAR is a device that is similar in operation to radar but emits pulsed laser light instead of 
microwaves.
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trons, a machine learning unit algorithm, for supervised learning, to analyze data. CNNs apply to image 
processing, natural language processing, and other kinds of cognitive tasks.
5 Deep Neural Network (DNN): a neural network with a certain level of complexity and a neural 
network with more than two layers. Deep neural networks use sophisticated mathematical modeling to 
process data in complex ways.
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connected to the internet via an interface named Uconnect that was used in thou-
sands of automobiles. The researchers hacked the Uconnect and conducted several 
actions such as blowing music out from speakers, killing the engine while running, 
disengaging the brakes, and finally pulling over the car. Upon this incident, Fiat 
Chrysler Automobiles recalled 1.4 million vehicles to solve the vulnerability issues 
of Uconnect [20].

All these threats are considered seriously by governments, universities, research-
ers, and AV manufacturers. Also, as said in the third section, several different types 
of sensors are combined to assure safety. For instance, NHTSA follows a compre-
hensive and systematic approach to develop layered security and conducts research 
activities such as anomaly based intrusion detection or cybersecurity for update 
mechanisms of firmware [21].

5. The pros, cons, and moral issues of AVs

AVs are on the roads today, and they will unavoidably be a part of our lives. So, 
what are the pros of AVs? In other words, how can we benefit from them? Or, what 
are their cons; if there exist, what are the risks or dangers they will bring to our 
lives? There is an ongoing debate on this topic, and this section will try to clarify 
these questions.

5.1 The pros of AVs

5.1.1 Safety

NHTSA conducted a study for crash causation and examined accidents that 
occurred between July 3, 2005, and December 31, 2006 [4]. According to the study, 
40.6% of the 5096 accidents were related to recognition errors such as inadequate 
surveillance and internal/external distraction. About 34.1% of accidents were 
related to decision errors such as misjudgment of other’s speed, driving too fast for 
conditions, and false assumption of other’s action; and 10.3% of accidents were 
related to performance errors such as panics. While using AI, supported by several 
sensors, it might be claimed that AVs are less prone-to-errors than humans.

Figure 3. 
How the stop sign in Figure 2 is seen by AV (courtesy of https://freesvg.org/).
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Another issue with traffic accidents is the driver’s general or momentary con-
sciousness status. Being tired, driving under the influence of alcohol or any other 
drugs and lacking experience are the factors that may result in or contribute to an 
accident; however, never can be associated with an AV.

5.1.2 Economic benefits

The difference between the monetary values of a brand-new car and that of its 
salvaged version after a severe traffic accident is quite clear. The amount is a loss 
to the personal, national, and global economy. While it is expected that AVs will 
reduce the number of accidents, this loss will also be prevented.

As mentioned in the first chapter, each year approximately 1.35 million people 
die as a result of traffic accidents, and injuries related to these accidents also cost 
most countries approximately 1–3% of their gross domestic products [22]. Since AVs 
are less prone-to-errors than humans, with a decrease in the number of accidents, 
we may also expect a lesser loss in GDP, in other words, an increase in the net GDP.

5.1.3 Social benefits

Besides its economic burdens, traffic accidents create severe physical and 
emotional impacts for surrenders of accidents who became disabled. Reducing the 
number of accidents will prevent these consequences [23].

Another social benefit of AVs is helping the disabled, elderly, children, and other 
people who are in need to be transported without the help of others [24]. This help 
will increase the rate of disabled and older people’s contribution to the workforce. 
Eventually, those who were carried with AVs will reach what they need, and the 
overall quality of life of nations will increase.

5.1.4 Environmental impacts

A new discussion is about ownership of, and beyond it, sharing AVs. For future 
projections, there are expected two different styles of ownership models for AVs: 
public service and individual owning [25]. According to the first option, an AV 
will be owned by a private company or a governmental agency or a municipality. 
The second option means that an AV will be owned by a person and become his or 
her private property. The owner will be able to put his or her AV into the service of 
others. In this way, the owner will be able to compensate for the (high) cost of his or 
her AV. Another study on possible energy impacts of using AVs suggests that factors 
such as ridesharing, less time for looking for parking can reduce fuel consumption 
by 90% [26], which also means lower carbon emission.

5.2 The cons of AVs

5.2.1 Software-related problems

One of the most common concerns and critics against AVs is their reliability 
in the context of cybersecurity. As mentioned in Section 4 of this chapter, even a 
conventional, non-AV car can be hacked. Just imagine your personal computers and 
their vulnerability against viruses, trojans, and so on. Now, think about the security 
updates they receive. The same protection coming with security updates will be 
valid for your AV; however, its infection might be fatal. On the other hand, govern-
ment agencies, security experts, and car manufacturers deliberately work to prevent 
any hacking.
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NHTSA conducted a study for crash causation and examined accidents that 
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surveillance and internal/external distraction. About 34.1% of accidents were 
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Figure 3. 
How the stop sign in Figure 2 is seen by AV (courtesy of https://freesvg.org/).
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Another issue with traffic accidents is the driver’s general or momentary con-
sciousness status. Being tired, driving under the influence of alcohol or any other 
drugs and lacking experience are the factors that may result in or contribute to an 
accident; however, never can be associated with an AV.

5.1.2 Economic benefits

The difference between the monetary values of a brand-new car and that of its 
salvaged version after a severe traffic accident is quite clear. The amount is a loss 
to the personal, national, and global economy. While it is expected that AVs will 
reduce the number of accidents, this loss will also be prevented.

As mentioned in the first chapter, each year approximately 1.35 million people 
die as a result of traffic accidents, and injuries related to these accidents also cost 
most countries approximately 1–3% of their gross domestic products [22]. Since AVs 
are less prone-to-errors than humans, with a decrease in the number of accidents, 
we may also expect a lesser loss in GDP, in other words, an increase in the net GDP.

5.1.3 Social benefits

Besides its economic burdens, traffic accidents create severe physical and 
emotional impacts for surrenders of accidents who became disabled. Reducing the 
number of accidents will prevent these consequences [23].

Another social benefit of AVs is helping the disabled, elderly, children, and other 
people who are in need to be transported without the help of others [24]. This help 
will increase the rate of disabled and older people’s contribution to the workforce. 
Eventually, those who were carried with AVs will reach what they need, and the 
overall quality of life of nations will increase.

5.1.4 Environmental impacts

A new discussion is about ownership of, and beyond it, sharing AVs. For future 
projections, there are expected two different styles of ownership models for AVs: 
public service and individual owning [25]. According to the first option, an AV 
will be owned by a private company or a governmental agency or a municipality. 
The second option means that an AV will be owned by a person and become his or 
her private property. The owner will be able to put his or her AV into the service of 
others. In this way, the owner will be able to compensate for the (high) cost of his or 
her AV. Another study on possible energy impacts of using AVs suggests that factors 
such as ridesharing, less time for looking for parking can reduce fuel consumption 
by 90% [26], which also means lower carbon emission.

5.2 The cons of AVs

5.2.1 Software-related problems

One of the most common concerns and critics against AVs is their reliability 
in the context of cybersecurity. As mentioned in Section 4 of this chapter, even a 
conventional, non-AV car can be hacked. Just imagine your personal computers and 
their vulnerability against viruses, trojans, and so on. Now, think about the security 
updates they receive. The same protection coming with security updates will be 
valid for your AV; however, its infection might be fatal. On the other hand, govern-
ment agencies, security experts, and car manufacturers deliberately work to prevent 
any hacking.
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Besides being hacked, another possible thing for an AV is having software 
deficiencies, also known as bugs. Just like any electronic devices, AVs may have 
flaws, too. However, since it is developer-related and common for every product of 
the same model, it is easy to detect and solve those deficiencies by debugging.

5.2.2 Privacy

AVs rely on data and their processing to drive safely; however, it becomes 
another serious concern regarding AVs: the possible violation of personal privacy by 
obtaining these data illegally.

An AV will have the ability to gather and process your personal data such as how 
you drive, whom you travel with, where you go, how much you stay there, whom you 
talk to on the phone, and so on. All these data might be used to analyze your personal-
ity traits or to track you. Furthermore, if these data are obtained by a criminal organi-
zation, it can also be used for blackmailing or any other cyber-crime against you.

5.2.3 Liability

Imagine that the car you drive collides with another vehicle. You stop, get 
off, and walk through the other vehicle to negotiate the accident with its driver. 
Suddenly, you see that there is no one in the car. After getting out of the shock, you 
notice that you had an accident with an AV. So, what is going to happen now? Who 
will be responsible or how will the responsibilities be shared between the driver (if 
exists), manufacturer, sensor producer, or programmer? Currently, lawmakers and 
government authorities work on it (up to a point).

In the USA, the federal government, via NHTSA, sets the rules for new motor 
vehicles and their equipment. These rules are known as Federal Motor Vehicle Safety 
Standards (FMVSSs), and NHTSA enforces FMVSSs to ensure that manufacturers 
comply with them [24]. Besides, federal governments do not act to create nation-wide 
legislation; however, requests state governments to regulate the responsibilities [24].

In Germany, a law for AV-related liability issues was put into action on June 21, 
2017 [27]. The law makes the liability be shared between the manufacturer and 
driver. Drivers are allowed to avert their attention from driving but not to sleep [27]. 
Also, the law only keeps drivers responsible for an accident unless they take control 
of the car within an “adequate time reserve.” Nevertheless, this undefined “adequate 
time reserve” is still controversial [27].

It might be claimed in advance that the responsibility issue may remain as a con-
cern, and it will be solved in time as long as AVs and their technology level developed.

5.2.4 Environmental issues

Besides possible effects resulted from factors such as ridesharing, negative factors 
may result in an energy consumption increase by up to 150% [26]. As long as AVs 
become safer, particular speed limits might be set for them, and those limits might also 
be increased gradually. Also, the comfort that AVs would provide to us might cause 
them to be used more frequently than before. Nevertheless, higher speeds or frequent 
use result in more fuel consumption, which also means an increase in carbon emissions.

5.2.5 Car sharing-related health issues

A recent pandemic caused hundreds of thousands of losses of human lives. 
Covid-19 proved that keeping physical (social) distance between people and follow-
ing hygiene rules are crucial for avoiding contagions. Since it may not be possible 
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to be sanitized between users, there would be a risk that AVs might be responsible 
agents for the spread of infection. If this happens, AVs would be banned for a while. 
In this case, severe health or transportation problems would be inevitable.

5.2.6 Financial-infrastructure burdens on states

AVs require certain elements to ensure awareness of their surroundings, such as 
traffic lights, dyed lanes, and traffic signs. In many underdeveloped or developing 
countries, unordered traffic may be witnessed. What if an AV comes to an inter-
section with no traffic lights, no lanes, no signs, cars moving bumper to bumper 
ignoring safe distance, and drivers not yielding? How could an AV determine the 
right of the pass in a situation like that?

To be able to have AVs on its roads, governments will have to order the traffic 
in their countries. They may also have to educate their citizens. Overall, this will 
become a financial burden because of the increase in spending on investments in 
transportation infrastructure and traffic education.

5.3 Moral issues with AVs

AVs mostly rely on AI technologies. However, as mentioned above, AIs can be 
attacked and misled easily. A 3D printed turtle was classified as an assault rifle by 
Google’s Inception Classifier [28].

Another issue with AI is its moral dimension. Again, assume that an AV drives 
an individual or a group of people from someplace to another. Suddenly, a small 
child or an animal that is on the edge of extinction steps onto the road. There is no 
such possibility for AV to stop. Its only options are hitting itself to barriers and kill 
the passenger(s) it carries or killing the child or the animal in front of it. What do 
we expect from the AV to do in this scenario? Or if a human driver is seated behind 
the wheel, what do we expect from him or her?

People can be kept responsible for their behaviors and the consequences of those 
behaviors. Hence, after an accident resulting from a human driver’s fault can be han-
dled by law enforcement and judicial authorities easily. Nevertheless, when it comes 
to an accident caused by an AV, the situation changes. Because instead of instincts, 
education level, or experience, an AV acts on its codes compiled by someone.

The codes of an AV may change with its programmer’s nationality. A study pub-
lished on Nature was conducted upon scenario-based AV behaviors. The researchers 
managed to collect 39.61 million decisions made by thousands of people from 233 
countries [29]. An online platform called Moral Machine has been shared in the 
domain of the Massachusetts Institute of Technology (MIT). The Moral Machine 
reached people in 10 different languages and asked them questions related to the 
actions of AVs in 13 different scenarios.

With the first question, people are asked to answer what an AV should do in case 
of sudden brake failure at a pedestrian crossing. Omitting whom it carries, the AV is 
supposed to hit and kill:

• two pedestrians – a homeless person and a woman – who are violating the law 
by crossing on red and

• two male executives crossing the street on the green abiding by the law.

Upon completing the questions, people are also given an option to enter their 
demographic data. In the end, results are shared, and people can have a chance to 
compare their standings to the general average of others.
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countries, unordered traffic may be witnessed. What if an AV comes to an inter-
section with no traffic lights, no lanes, no signs, cars moving bumper to bumper 
ignoring safe distance, and drivers not yielding? How could an AV determine the 
right of the pass in a situation like that?

To be able to have AVs on its roads, governments will have to order the traffic 
in their countries. They may also have to educate their citizens. Overall, this will 
become a financial burden because of the increase in spending on investments in 
transportation infrastructure and traffic education.

5.3 Moral issues with AVs

AVs mostly rely on AI technologies. However, as mentioned above, AIs can be 
attacked and misled easily. A 3D printed turtle was classified as an assault rifle by 
Google’s Inception Classifier [28].

Another issue with AI is its moral dimension. Again, assume that an AV drives 
an individual or a group of people from someplace to another. Suddenly, a small 
child or an animal that is on the edge of extinction steps onto the road. There is no 
such possibility for AV to stop. Its only options are hitting itself to barriers and kill 
the passenger(s) it carries or killing the child or the animal in front of it. What do 
we expect from the AV to do in this scenario? Or if a human driver is seated behind 
the wheel, what do we expect from him or her?

People can be kept responsible for their behaviors and the consequences of those 
behaviors. Hence, after an accident resulting from a human driver’s fault can be han-
dled by law enforcement and judicial authorities easily. Nevertheless, when it comes 
to an accident caused by an AV, the situation changes. Because instead of instincts, 
education level, or experience, an AV acts on its codes compiled by someone.

The codes of an AV may change with its programmer’s nationality. A study pub-
lished on Nature was conducted upon scenario-based AV behaviors. The researchers 
managed to collect 39.61 million decisions made by thousands of people from 233 
countries [29]. An online platform called Moral Machine has been shared in the 
domain of the Massachusetts Institute of Technology (MIT). The Moral Machine 
reached people in 10 different languages and asked them questions related to the 
actions of AVs in 13 different scenarios.

With the first question, people are asked to answer what an AV should do in case 
of sudden brake failure at a pedestrian crossing. Omitting whom it carries, the AV is 
supposed to hit and kill:

• two pedestrians – a homeless person and a woman – who are violating the law 
by crossing on red and

• two male executives crossing the street on the green abiding by the law.

Upon completing the questions, people are also given an option to enter their 
demographic data. In the end, results are shared, and people can have a chance to 
compare their standings to the general average of others.
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Some of the findings of the study are as follows:

• Globally; humans, more lives, and younger people are preferred to pets, single 
life, and older people, respectively and

• Culturally; when people are clustered by their geographic and cultural prox-
imity, people from

 ○ Western countries [North American and European (protestant, catholic, 
and orthodox Christian)] give higher importance to humans over the pets 
more lives over the single life, young over old, and fit over less fit;

 ○ Eastern countries [Confucianist (i.e., Japan and Taiwan) and Islamist 
(i.e., Indonesia, Pakistan, and Saudi Arabia)] give higher importance to 
pedestrian over (AV) passenger, humans over the pet, and law-abiding over 
law-violating; and

 ○ Southern countries (France, French-influenced, and Latin American) give 
higher priority to females over males, fit over less fit, higher status over lower 
status, young over old, and more lives over the single life.

These findings may lead us to ask this question: Should these types of differences 
and concerns be taken into account by manufacturers? Barbara Wege from  
Audi implies the importance of this type of studies [30]. From the legislative 
perspective, the first ethical guideline regulating AVs was published by the Ethics 
Commission of Germany’s Federal Ministry of Transport and Digital Infrastructure 
in 2017 [30]. This guideline brings some regulations on decisions that would 
be made by AVs in future. Article 7 under the section titled “Ethical rules for 
automated and connected vehicular traffic” of this report is an example of this 
topic [31]:

“… within the constraints of what is technologically feasible, the systems must be 
programmed to accept damage to animals or property in a conflict if this means 
that personal injury can be prevented.”

From the perspective of potential buyers, the results of a study on the social 
dilemma of autonomous vehicles prove the complexity of the topic: People prefer 
AVs to be programmed to sacrifice its passengers for the greater good. The same 
people would like other people to buy these AVs; however, they also prefer to buy an 
AV that protects its passengers at all cost [32].

6. Legal concerns

AVs are supposed to decrease the number of accidents and improve safety for 
people. However, accidents involving AVs happen, and some of them even be fatal. 
While in some cases those accidents have been alleged to stem from human errors, 
questions arise for the safety of AVs and eyes turn to government authorities to see 
how they regulate AV testing and deployment procedures.

A study published on Transport Reviews by Taeihagh and Lim provides a 
detailed analysis of how selected states regulate the main issues related to AVs: 
safety, liability, privacy, cybersecurity, and industrial risks [33]. The study also 
groups the strategies implemented by states chosen into five groups, as well:
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• No-response; due to the uncertainty of the situation, policymakers do not take 
any action.

• Prevention-oriented; policymakers set preventive regulations to avoid risks.

• Control-oriented; the existence of risks is allowed; however, necessary steps 
are taken to control it.

• Toleration-oriented; policymakers clarify the steps to be taken in case of 
realization of risks.

• Adaptation-oriented; policymakers seek opinions to adopt regulations based 
on common sense.

Selected states are then categorized by their strategy implementations on four 
domains of safety, liability, privacy, and cybersecurity [33]. On the other hand, 
in Section 5 of this chapter, it was mentioned that the respondents of the Moral 
Machine survey were clustered under three different groups according to their 
geographical and cultural proximity: western, eastern, and southern countries. So, 
are there any relationships between the selected countries’ AV strategies and their 
citizens’ moral preferences?

To answer that question, first, the strategy implementation categories in [33] are 
reordered to represent the magnitude of their risk aversion (for human life losses) 
as follows:

0: Toleration/no response; 1: Adaptation; 2: Light control; 3: Control; 4: 
Prevention.

These numbers (or averages) are assigned to states to obtain their policy points. 
Then, the same states are assigned numerical values to obtain their moral value 
points, according to the answers their citizens provided in moral machine study. 
States are given two points each if their citizens give priority to humans over pet and 
more lives over single life. The results are shown in Figure 4.

Figure 4 shows a comparison of policy points of states and moral value points 
of their citizens. It was prepared by a primary data visualization method in the 
absence of enough data for further statistical analyses. However, the figure still 

Figure 4. 
Comparison of moral value and policy points.
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helps us compare states’ preferences on policymaking and their citizens’ moral 
values, to an extent. For instance, people in the USA and the UK give higher priority 
to humans over pet and more lives over single life and get four moral value points, 
while the governments of both the USA and the UK implement light control strate-
gies and get two policy points.

This situation may be explained by the governments’ focus on innovation rather 
than safety. Elaine L. Chao, Secretary of the US Department of Transportation, 
touched upon this by saying “The U.S. Department of Transportation has a role 
to play in building and shaping this future by developing a regulatory framework 
that encourages, rather than hampers, the safe development, testing and deploy-
ment of automated vehicle technology” [24]. Similarly, Claire Perry, O’Neill, the 
former Parliamentary Under-Secretary of Department for Transport, claimed that 
“This review concludes that our legal and regulatory framework is not a barrier 
to the testing of automated vehicles on public roads … I believe we have one of the 
most welcoming regulatory environments for the development of this technology 
anywhere in the world” [34].

Contrary to the USA and the UK, Japan and China have lower moral value points 
than policy points. It can be explained with two views. First, from the moral value 
perspective, it might be suggested that these states have eastern cultures, and while 
they give higher importance to people over the pet, they do not give importance to 
more lives over single life [29]. Second, from the policymaking perspective, Japan, 
among the states of concern in Figure 4, is the most conservative state. The AV 
test procedures of Japan prove it. In accordance with Japan’s drafted regulations, to 
test an AV in Japan, a driver with license must be seated, police approval and even 
a police officer in AV must exist, clear markings must be placed on AV, and driver 
must be ready to brake anytime [35].

China’s situation is different from other countries. It applies preventive and 
light-control-oriented policies together [33]. While aiming to become a world leader 
in electrical and autonomous vehicle market [36], and to be able to compete with 
the USA, China implements low-control policies [33]. On the other hand, when 
it comes to allowing AVs to be tested on public roads, China sets preventive mea-
sures [33].

South Korea, one of the major car exporters, is categorized as an eastern state; 
however, it acts differently from all selected states by not regulating safety issues. 
Nevertheless, it created a council to ensure the harmony between its ministries [33]. 
Since there are not any international standards which are agreed on, South Korean 
government is waiting for it to be realized in order to set its own standards, which 
will be harmonized with international standards [33].

7. Conclusion

Today, thousands of AVs are on roads. Besides, that number is anticipated to 
climb up, and AVs are expected to constitute 25% of cars worldwide in 2035 [37]. 
This chapter tried to find an answer to the question of whether AVs prevent traffic 
accidents. After providing information about the history, general description, and 
working process of the AVs, their pros, cons, and moral perspectives have been 
presented. It might easily be suggested that AVs are more advantageous than human 
drivers in certain areas: an AV is better in obtaining and maintaining situational 
awareness. It never feels fatigued, gets tired, and works under the influence of alco-
hol. Because of these advantages, we may expect that AVs to reduce the number of 
accidents. In addition to their possible contribution to accident prevention, we will 
also enjoy their economic and social benefits and positive environmental impacts.
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On the other hand, AVs have several disadvantages, too. For instance, they might 
have software problems, or they could be hacked. Overall, as Nidhi Kalra spoke in 
her testimony in the US Senate, in 2016, “there is no proven, feasible way to deter-
mine autonomous vehicle safety” [38].

Today, there is not a global consensus on the safety level of the AVs. Aside from a 
global level, even at a national level, it is hard to find common ground. As shown in 
Section 6, expectations from AVs’ safety levels differ from country to country, but 
there are even gaps between the government policies and the expectations of their 
citizens. However, as long as AVs are tested, and the test data are shared, processed, 
and used for improvisation globally, AVs will be more likely to be developed and 
their possibility to prevent accidents will rise.
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helps us compare states’ preferences on policymaking and their citizens’ moral 
values, to an extent. For instance, people in the USA and the UK give higher priority 
to humans over pet and more lives over single life and get four moral value points, 
while the governments of both the USA and the UK implement light control strate-
gies and get two policy points.

This situation may be explained by the governments’ focus on innovation rather 
than safety. Elaine L. Chao, Secretary of the US Department of Transportation, 
touched upon this by saying “The U.S. Department of Transportation has a role 
to play in building and shaping this future by developing a regulatory framework 
that encourages, rather than hampers, the safe development, testing and deploy-
ment of automated vehicle technology” [24]. Similarly, Claire Perry, O’Neill, the 
former Parliamentary Under-Secretary of Department for Transport, claimed that 
“This review concludes that our legal and regulatory framework is not a barrier 
to the testing of automated vehicles on public roads … I believe we have one of the 
most welcoming regulatory environments for the development of this technology 
anywhere in the world” [34].

Contrary to the USA and the UK, Japan and China have lower moral value points 
than policy points. It can be explained with two views. First, from the moral value 
perspective, it might be suggested that these states have eastern cultures, and while 
they give higher importance to people over the pet, they do not give importance to 
more lives over single life [29]. Second, from the policymaking perspective, Japan, 
among the states of concern in Figure 4, is the most conservative state. The AV 
test procedures of Japan prove it. In accordance with Japan’s drafted regulations, to 
test an AV in Japan, a driver with license must be seated, police approval and even 
a police officer in AV must exist, clear markings must be placed on AV, and driver 
must be ready to brake anytime [35].

China’s situation is different from other countries. It applies preventive and 
light-control-oriented policies together [33]. While aiming to become a world leader 
in electrical and autonomous vehicle market [36], and to be able to compete with 
the USA, China implements low-control policies [33]. On the other hand, when 
it comes to allowing AVs to be tested on public roads, China sets preventive mea-
sures [33].

South Korea, one of the major car exporters, is categorized as an eastern state; 
however, it acts differently from all selected states by not regulating safety issues. 
Nevertheless, it created a council to ensure the harmony between its ministries [33]. 
Since there are not any international standards which are agreed on, South Korean 
government is waiting for it to be realized in order to set its own standards, which 
will be harmonized with international standards [33].

7. Conclusion

Today, thousands of AVs are on roads. Besides, that number is anticipated to 
climb up, and AVs are expected to constitute 25% of cars worldwide in 2035 [37]. 
This chapter tried to find an answer to the question of whether AVs prevent traffic 
accidents. After providing information about the history, general description, and 
working process of the AVs, their pros, cons, and moral perspectives have been 
presented. It might easily be suggested that AVs are more advantageous than human 
drivers in certain areas: an AV is better in obtaining and maintaining situational 
awareness. It never feels fatigued, gets tired, and works under the influence of alco-
hol. Because of these advantages, we may expect that AVs to reduce the number of 
accidents. In addition to their possible contribution to accident prevention, we will 
also enjoy their economic and social benefits and positive environmental impacts.
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On the other hand, AVs have several disadvantages, too. For instance, they might 
have software problems, or they could be hacked. Overall, as Nidhi Kalra spoke in 
her testimony in the US Senate, in 2016, “there is no proven, feasible way to deter-
mine autonomous vehicle safety” [38].

Today, there is not a global consensus on the safety level of the AVs. Aside from a 
global level, even at a national level, it is hard to find common ground. As shown in 
Section 6, expectations from AVs’ safety levels differ from country to country, but 
there are even gaps between the government policies and the expectations of their 
citizens. However, as long as AVs are tested, and the test data are shared, processed, 
and used for improvisation globally, AVs will be more likely to be developed and 
their possibility to prevent accidents will rise.
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Endless thanks and loves to my eternal love Serap, my lion son Görkem Dennis, 
and my little princess Kumsal Deniz.

Also, I remember the late Turkish academician Ord.Prof.Dr. Cahit Arf with 
gratitude for his contributions to Mathematics and his efforts to enlighten our 
society by explaining how a machine could think in a public conference in 1959, as 
well [39].
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Chapter 4

Novel Approach in Tunnel
Safety Assessment
Peter Vidmar

Abstract

The definition of a deterministic approach to risk analysis stems from the need
to understand the conditions that are developed in the event of an accident with a
fire in a road tunnel. From the point of view of the tunnel manager and rescuers,
these data are important during planning the operation of the tunnel and in coordi-
nating the rescue. The methods of tunnel control in crisis situations are most often
based on the experience of operators and crisis plans, which are also made by
experience or using simple calculation tools. In recent years, due to many tragic
accidents in European tunnels, there has been a lot of talk and work in the field of
risk assessment and the possibilities of risk reduction. The methodology of safety
analyses and the determination of the level of risk arise predominantly from the
nuclear and chemical industry, where it has been in use for more than 50 years.
The paper presents the methodology for integrating methods of rapid processing of
risk assessment with time-consuming CFD methods for analysing the consequences
of fire in the tunnel safety assessment process. The main observed variables are
the density and the temperature of the carbon black, which are analysed during the
fire step in a minute. Human behaviour is considered in the evacuation model,
which is necessary for the assessment of fatalities during the progress of the fire.
The use of the methodology is presented by assessing the national tolerable risk
for transport in tunnels and compared to the EU reference criteria.

Keywords: tunnel safety, fire safety, risk assessment, F-N curves

1. Introduction

Risk assessment studies and specifically fire consequence analyses are likely
applying fast computation models [1]. A risk assessment is a multicriteria process
that requires a network approach for process and hazard identification. The events
are systematically analysed with a Bayesian network, event tree, fault tree and other
well-known approaches [2]. The gap in most risk assessment approaches is the
connection between a systematic risk identification and a precise calculation of fire
consequences. The main reason for that is the incompatibility of approaches. The
risk identification for tunnel safety operation is usually presented with a number of
scenarios that are further divided into sub-scenarios for different fire sources and
locations, types of ventilation, traffic density, etc. The result is a large number of
scenarios that are not suitable for CFD calculation, not so much because of compu-
tation time, but because results are more suitable for deep hydrodynamic analysis
than for the identification of risk for a person or a group of people inside a tunnel.
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analyses and the determination of the level of risk arise predominantly from the
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The paper presents the methodology for integrating methods of rapid processing of
risk assessment with time-consuming CFD methods for analysing the consequences
of fire in the tunnel safety assessment process. The main observed variables are
the density and the temperature of the carbon black, which are analysed during the
fire step in a minute. Human behaviour is considered in the evacuation model,
which is necessary for the assessment of fatalities during the progress of the fire.
The use of the methodology is presented by assessing the national tolerable risk
for transport in tunnels and compared to the EU reference criteria.

Keywords: tunnel safety, fire safety, risk assessment, F-N curves
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locations, types of ventilation, traffic density, etc. The result is a large number of
scenarios that are not suitable for CFD calculation, not so much because of compu-
tation time, but because results are more suitable for deep hydrodynamic analysis
than for the identification of risk for a person or a group of people inside a tunnel.
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After the entering in force of EU directive 2004/54/EC [3] on minimum safety
requirements for tunnels, the risk assessment methods have been proposed by
PIARC [4] with the QRAM model [5]. Other tools and methodologies for risk
assessment in road tunnels were developed—the Dutch RWQRA model and the
Austrian RVS 09.03.11-TuRisMo methodology. The fire consequence calculations,
as a main part of risk evaluation, are done with a simple one-dimensional flow
model or at most with zone models, where in every step volume is divided into a hot
and cold layer. These models cannot cover a specific flow dynamic, smoke stratifi-
cation, influence of different ventilation systems, vorticity, and crossflow. Effects
like back layering are modelled directly in one-dimensional models, but its reliabil-
ity is scenario dependent and is not reliable, or in other scenarios overestimated [6].
Following this idea, we believe that a methodology of fire safety valuation, which
improves existing methodologies and is based on a deterministic approach, is
necessary, as the approach to integrate CFD consequence results in a probabilistic
QRA method [7].

The presented analysis includes the fire modelling based on CFD results [8, 9]
for different standard fire scenarios and includes basic human behaviour, e.g. resis-
tance on height temperature and gas concentration, evacuation velocity, reaction
times and other features. These consequences are further multiplied with the
probability (likelihood) of the same events, and the result is the individual risk
for fatalities or injuries for fire events in tunnels.

2. Approach on tunnel safety

A risk assessment of a controlled system is much more reliable than the assess-
ment of a “natural” one. Similarly to an industry process, where safety risk assess-
ment has been introduced first, a traffic flow in a tunnel is a controlled process. The
structure of the tunnel, the control of the traffic and safety systems are intended to
keep control of all events that could happen in operational and emergency situa-
tions. The paper is focused mainly on fire events and the risk to people arising from
it. Fire development and spread are complex phenomena, and CFD programs are
reliable and useful for simulations. The authors [10–13] have done a large number
of validation tests archiving the reliability of results in a range of 20–30% compared
to experimental tests. The author [8] conducted validation tests of the program Fire
Dynamic Simulator (FDS) with Memorial Tunnel experiment results. Results from
this simulation are further used in this paper as the input for consequence level
estimation.

The deterministic approach is used for the analysis of the greater part of physical
events like fire source characteristic and its dynamics, the operation of the ventila-
tion system and other conditions as well as their reciprocal interactions. The
approach also leads to the definition of the technical system “safety efficiency” in
the range of possibilities that exist in the real word and are functionally descriptive.
When the approach is used in practice, we should define a number of “safety
categories” based on event probability and consequences for individual risk. An
example is presented in Table 1.

Note that in these schemes a quantitative definition is given in addition to the
qualitative definition, mainly to ensure consistency in the course of the analysis and
provide benchmarks (semi-quantitative analysis). In schemes of this type, the
assessment team, usually comprising members of management, safety engineers
and operations personnel, will first identify all hazards, using HAZID, HAZOP or
similar approaches, and then assign a severity category to each of these, for both
likelihood and consequences [14, 15].
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Following the assumptions in Table 1, a “risk matrix”would then be defined as a
5 � 5 matrix with each side corresponding to one severity category.

Different shading in a table indicates different risk levels. Hazards with high
risk, such as A1, B1 and A2 in the black squares, are thought of as being very severe
and require immediate action to reduce a risk. Hazards with low risk, such as E5, E4
and D5 in white squares, are considered to require no further action. Hazards
between these two are considered worthy of some improvement if a cost-effective
solution can be found.

The two methods of risk analysis (qualitative and quantitative) are often not
separable but upgrade each other. Figure 1 shows the event tree for the example of
a fuel leak from a heavy goods vehicle. The quantitative approach is applied because
the event probabilities are known from past statistics. The results of the event tree

Likelihood categories Qualitative definition Quantitative definition (times per year)

A Once in a year 0.3–3

B Possible but not likely 0.03–0.3

C Unlikely 0.003–0.03

D Very unlikely 0.0003–0.003

E Remote 0.00003–0.0003

Consequence categories Qualitative definition Semi-quantitative definition

1 Catastrophic Multiple fatalities

2 Major Single fatality, multiple injuries

3 Very serious Permanently disable injuries

4 Serious Serious injury, full recovery

5 Minor Lost time injury, short absence from work

Table 1.
Deterministic safety analysis: supposed safety categories.

Figure 1.
Event tree for fuel leak out scenario [16].
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are several predicted scenarios with calculated final event frequencies. Among nine
final scenarios, there are three fire scenarios with a major frequency: G2, G5 and G8.
Further work leads to two directions, with a probabilistic or deterministic approach.
In the following sections, the methodology and requirements of using a determin-
istic approach are explained more in detail and developed from this event tree
scenario.

2.1 Tunnel fire modelling and simulations

The application of CFD model on tunnel geometry is a demanding task but has
been widely validated. Fire dynamics is a three-dimensional, time-dependent pro-
cess which integrates the interactions among combustion, fluid flow and heat
transfer processes. The turbulence process of energy dissipation over which fire
dynamics evolve is of the order of 0.1 s and 1 mm, respectively [17, 18], but lengths
of realistic tunnels are measured in kilometres. This implies that the turbulence
needs to be algebraically modelled.

A good mathematical approximation of the fire is done by a combustion model
(instantaneous reaction when fuel and oxygen are properly mixed), radiation model
(non-scattering grey gas model) and low Mach variable density formulation of the
fluid conservation Eqs. A Fire Dynamics Simulator (FDS) program uses the combi-
nation of these models for simulating fire development and smoke spread. The fluid
flow is modelled by solving the basic conservation equations: the conservation of
mass (1), conservation of mixture fraction Z (2), conservation of momentum (3)
and conservation of energy (4) using a form for low Mach number [17]. The
approximation involves the filtering out of acoustic waves. The basic conservation
equations are written in the form:

∂ρ

∂t
þ ∇ � ρu ¼ 0 (1)

∂ρ

∂t
ρZð Þ þ ∇ � ρZu ¼ ∇ � ρD∇Z (2)
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∇ uj j2 � u� ω

� �
þ ∇~p ¼ ρ� ρ∞ð Þg þ ∇ � τ (3)

ρcp
∂T
∂t

þ u � ∇T
� �

¼ _q‴c � ∇ � qR þ ∇ � k∇T (4)

and the equation of state

p0 ¼ ρRT (5)

where ρ is a density, u is a velocity vector, Z is the mixture fraction, T the
temperature, p0 the ambient pressure, R the gas constant, cp is a specific heat and D
the molecular diffusivity. ~p is the perturbation pressure caused by pressure differ-
ences, τ the viscosity stress tensor and k the thermal conductivity. _q‴c and ∇ � qR are
the source terms of chemical reaction and radiation, respectively. The radiation
term has a negative sign because it represents a heat sink [17]. The effect of the flow
field turbulence is modelled using large eddy simulation (LES), in which the
large-scale eddies are computed directly and the sub-grid scale dissipative processes
are modelled [18, 19]. The unknown sub-grid stress tensor τ is modelled by a
Smagorinsky model.
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2.2 Parameters and approach to the result analysis

The simulation results are presented on levels of fire force, and different types of
tunnel ventilation are shown. The consequences of the distance of the smoke and
temperature are qualitatively evaluated from the velocity and temperature field.
People using the tunnel are exposed to the risk after the fire starts, but not only
them. The evacuation procedure is mainly left to the people’s decision but mostly
supported by a tunnel safety system like light signs, pictograms and sound signals.
The successful evacuation is supported by the efficient ventilation fire protocol.
Factors like the time of the beginning of evacuation, evacuation speed, start of
ventilation protocol and the distance to cross passages are the keys to reducing
personal risk. Especially for large fires, the risk of exposure to smoke is present
when the smoke movement is faster than the average evacuation speed. The most
risky examples are when the people do not start with the immediate self-rescue
procedure after the start of the fire and when the ventilation protocol is not suitable
for that fire source [20]. The other risk criterion is high temperature, which usually
has a lower contribution to the risk than smoke. In most cases this depends on
ventilation. The limit value of the concentration of smoke particles (PM10 heavy
particles with the diameter up to 10 μm) is 1000 mg/m3, and the limit temperature
is 50°C [21]. The smoke particles are less problematic from a toxic point of view
than other combustible products (CO2, carbon dioxide; CO, carbon monoxide;
HCN, hydrogen cyanide; HCl, hydrogen chloride; etc). Their share of concentration
is conditional and often very similar. From different experiments in the Memorial
Tunnel, it can be found, for example, that concentrations of smoke particles and CO
are in relation around 10:1. A similar relation can be also found in toxic levels of
these products. Lethal concentration 50% (LC50) for soot particles is 30 g/m3 in a
30 min exposure or 1–3 g min/m3 LC50; for CO it is 2000–3500 ppm, which is 2300–
4000 mg/m3 in a 30–60 min exposure [21]. The limit temperature values of human
resistance are, according to Gann and Hall, 100°C for 30 min and 75°C for 60 min of
exposure. Because this information is true for an adult man, it is the most optimal.
But within the same study, the authors point out difficulties in breathing already at
65°C of air temperature. Taking this into account, there are two values that are used
in our result analysis. The chosen limit concentration of smoke particles is 1000 mg/
m3 and the limit temperature is 50°C.

The risk or consequences are divided into five categories shown in Table 2.
A further step is the interpretation and the quantification of the human

resistance limits to the actual risk levels. The sub model developed during the
research analyses of CFD results and according to the following logical conditions
marks every 1-minute time step along the entire tunnel length. Using this approach
all the influences of the tunnel geometry, fire source and ventilation are considered
in the risk evaluation:

Risk category Consequence severity Percent of fatalities
every 1 min exposure

1. LR–low risk Lesser injury 0.1%

2. MR–medium risk Serious injury with full recovery 2%

3. SR–serious risk Permanent injury 8%

4. VHR–very high risk Low casualty number (1–3), numerous injured 20%

5. EHR–extremely high risk Numerous casualties 50%

Table 2.
Risk category and consequences applied in the analysis.
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LR: ASD < 500.
MR: ASDL >500 ∧ SLH > ASLH.
SR: ASD > 500.
VHR: ASDL >500 ∧ SLH < ASLH.
EXR: ((SR ∨ VHR) ∧ AT >50) ∨ ATL > 50.
where the abbreviations mean:
ASD-average smoke density value in profile [mg/m3].
ASDL-average smoke density value in layer [mg/m3].
SLH-smoke layer height [m].
ASLH-allowed smoke layer height [m].
AT-average temperature in profile [°C].
ATL-average temperature in layer [°C].
The CFD simulation results are discreet in space and time with extremely small

time and space steps. The analysis of so much information is usually done in a
graphic form representing a variable (temperature, soot density) field for a steady-
state result or with a time-dependent variable value for an observed location of the
geometry. From the safety point of view, such a large quantity of information
becomes unclear and less useful. To evaluate the risk for a person in a tunnel, the
output files of a temperature field and soot density are first properly averaged to a
series of zones that a moving person occupies during his movement. The space is
thus averaged in length and most importantly in height. In height the variable fields
are averaged in four layers, the height of each being about 1.5 metres. This height is
redefined in a model as the allowed layer height. One condition for the extreme risk
is that the average temperature in this lower layer exceeds 50°C for 1 minute.

2.2.1 Evacuation model

The discussion of results is enforced with the understanding of the human
behaviour during the fire in the tunnel after they begin with the self-rescue proce-
dure. This is the evacuation from the tunnel portal or through the first transverse
passage in two tube tunnels. The movement of the people in similar conditions is
very unpredictable; some become immediately aware of the danger and begin with
the self-rescue procedure, while others do not perceive the danger in time and begin
late with the self-rescue procedure. A simplified model of human movement is
introduced to the risk model. The model takes into consideration the elementary
movement parameters as start of the self-rescue, walking speed, tunnel length and
the direction of the movement according to the location of the fire. This means the
evacuation can only lead away from fire. The model allows the analysis of move-
ment from different starting locations which allows the division of the tunnel into
zones depending on the location of cross passages. The calculated locations of
persons are then used for checking the temperature and the smoke concentration,
and consequently the level of the individual risk is evaluated according to the
previous approach.

3. Model validation

This section presents the FDS model validation with experimental data from the
Memorial Tunnel test program from 1993 to 1995 in the USA. The experimental
tunnel is 853 m long and 7.9 m in height with a 3.2% slope. Many tests have been
conducted with different fire source powers and different ventilation programs.
The validation presents two different validation scenarios: a 50 MW fire with
natural ventilation and a 100 MW fire with forced longitudinal ventilation. The fuel
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used in the experiment and simulated is oil filled into a flat container [22, 23].
Using the same fuel, different fire heat release rates are obtained by changing the
burning surface.

3.1 Geometry of the model

The geometry, initial and boundary conditions are arranged to the tunnel geom-
etry and fire parameters. Figure 2 shows the geometry of the tunnel from the
external view. The upper closure is just few metres long and is a ventilator room.
The fire is located 615 m from the west portal and is symmetrical to the cross
section. The fire is assumed as a heat release source with a specific power
2700 kW/m2, where the oxygen and fuel consumption and the release of combus-
tion products depend on the stoichiometric equation 11 O2 þ C7H16 ! 7 CO2 þ
8 H2O. Here C7H16 is a heptane, which burns very similar to a diesel oil just
with less soot release. This is additionally added as a product to the combustion
model.

3.2 Initial and boundary conditions

Initial and boundary conditions are divided into geometry obstacle conditions
and fluid conditions. The walls of the tunnel are defined as thermally thick walls in
the model, where heat transfer is computed to and through the walls. The initial
temperature of any obstacle is defined the same as ambient (20°C) temperature.
The velocity at the wall is calculated as the average value of the velocity in the first
cell that touches the wall and zero velocity on the wall cell. The heat release from
the fire source is defined as full power at the beginning of the simulation, because
data available from the experiment are only for fully developed fires [24]. Thermal
radiation initial conditions are defined with radiation intensity based on the initial
temperature of objects (ambient temperature) and the energy absorption in the air,
mostly formed by nitrogen. The heat of radiation emitted from walls is calculated as
black wall radiation intensity [25].

Figure 2.
Geometry and mesh setup.
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evacuation can only lead away from fire. The model allows the analysis of move-
ment from different starting locations which allows the division of the tunnel into
zones depending on the location of cross passages. The calculated locations of
persons are then used for checking the temperature and the smoke concentration,
and consequently the level of the individual risk is evaluated according to the
previous approach.

3. Model validation

This section presents the FDS model validation with experimental data from the
Memorial Tunnel test program from 1993 to 1995 in the USA. The experimental
tunnel is 853 m long and 7.9 m in height with a 3.2% slope. Many tests have been
conducted with different fire source powers and different ventilation programs.
The validation presents two different validation scenarios: a 50 MW fire with
natural ventilation and a 100 MW fire with forced longitudinal ventilation. The fuel
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used in the experiment and simulated is oil filled into a flat container [22, 23].
Using the same fuel, different fire heat release rates are obtained by changing the
burning surface.

3.1 Geometry of the model

The geometry, initial and boundary conditions are arranged to the tunnel geom-
etry and fire parameters. Figure 2 shows the geometry of the tunnel from the
external view. The upper closure is just few metres long and is a ventilator room.
The fire is located 615 m from the west portal and is symmetrical to the cross
section. The fire is assumed as a heat release source with a specific power
2700 kW/m2, where the oxygen and fuel consumption and the release of combus-
tion products depend on the stoichiometric equation 11 O2 þ C7H16 ! 7 CO2 þ
8 H2O. Here C7H16 is a heptane, which burns very similar to a diesel oil just
with less soot release. This is additionally added as a product to the combustion
model.

3.2 Initial and boundary conditions

Initial and boundary conditions are divided into geometry obstacle conditions
and fluid conditions. The walls of the tunnel are defined as thermally thick walls in
the model, where heat transfer is computed to and through the walls. The initial
temperature of any obstacle is defined the same as ambient (20°C) temperature.
The velocity at the wall is calculated as the average value of the velocity in the first
cell that touches the wall and zero velocity on the wall cell. The heat release from
the fire source is defined as full power at the beginning of the simulation, because
data available from the experiment are only for fully developed fires [24]. Thermal
radiation initial conditions are defined with radiation intensity based on the initial
temperature of objects (ambient temperature) and the energy absorption in the air,
mostly formed by nitrogen. The heat of radiation emitted from walls is calculated as
black wall radiation intensity [25].

Figure 2.
Geometry and mesh setup.
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The model simulates the 3.2% tunnel slope with the additional gravity vector
component in the direction of the slope of 0.314 m/s2. The portals are defined as
open boundary conditions that link the tunnel domain with the ambient.

The applied numerical grid is non-uniform. The geometry is divided into three
sections over the tunnel length: 560, 120 and 185 m. A 50 MW fire model applies
800,640 cells and a 100 MW model 1,274,220 cells. The reason is the requirement
of the combustion model, which computes the reaction and the heat release in the
second section where the fire is located. Other parts of the geometry do not require
such a dense grid because of lower velocity gradients.

3.2.1 Simulation results

The compared data presented here are temperatures measured with thermocou-
ples in the experiment and observed in a simulation. There are 14 observation
points selected at 2.5 and 6.5 metres from the floor placed every 100 metres from
the left portal (Figure 2).

The maximum deviation is within the first 400 seconds of the simulation, after
that time the calculated values come closer to the measured ones. Measuring points
that measure temperatures on the downwind side (TC 208 and TC 73) of the fire
vary considerably, since these errors are greater than 100°C. This measurement is
not a representative, since the calculated back layer varies just 10 metres from that
measured. The values on TC 202 and TC 66 are very representative, which are
closest to the fire on the upwind side. At the initial stages of the fire (up to 400 s),
the deviation is large, namely 50–100% or 30–100°C. The errors are reduced
after 400 s and reach the values � 15°C until the end of the simulation (900 s).
The deviations at other measuring points are at the end of the simulation of the
order of magnitude from �10 to +50% or temperature differences from
�10 to +30°C.

Figures 3 and 4 shows the deviation of the simulated values from the experi-
mental ones for each measuring point for 50 MW and 100MW fire respectively. The
largest deviation is at the measuring points TC 200 and TC 202, which are located
upwind of the fire, because the calculated reverse current is greater than on the
experiment. The fluctuation in the deviation of the results is visible over a period of

Figure 3.
Deviation of simulation results from experimental data in % for 50 MW fire.
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200–400 s, which occurs during the transient of the fan turnover, and consequently
there is a change in the direction of flow against the buoyant flow. The comparison of
the values on the downwind side of the fire at the measuring points TC 208, TC 73
and TC 75 shows deviations in the range of �15%, which is satisfactory for us.

The conclusion from comparing the results is that the model geometry, initial
and boundary conditions and the setting of the numerical grid conform to the
numerical requirements for the calculation of fluid dynamics inside the tunnel,
against the experimental data. The obtained information is further used in the
preparation of other similar models.

4. Tunnel fire and risk analysis

The risk assessment methodology presented here is based on the analysis of CFD
model results. The reliability of the methodology is proven with model results and
numerous scenarios, where the whole spectre of tunnel fire scenarios is assessed,
considering different types of ventilation and different fire intensity. Other param-
eters, like environmental influence, traffic density and other characteristics of the
tunnel, are handled separately [26].

The idea is based on the development of a deterministic risk matrix as presented
in Table 3 based on CFD results. The safety category is represented by the power of
the fire and the type of ventilation where the consequences are evaluated in the
time during the progress of the fire [27, 28]. The risk criteria are defined as a
relation between the hot smoke layer height, the distance from the fire location and
the evacuation time of the users. In the case the speed of the smoke is greater than
the speed of the evacuation and in case the thickness of the hot layer is higher than
the height of the person during the evacuation, the risk is high.

4.1 Tunnel fire scenarios

All together 12 tunnel fire scenarios are processed. Three levels of fire are
simulated, each with four different types of ventilation. The span of the fire source
is from 20 MW, 50 MW to 100 MW, while the ventilation is sorted from the less to
the more effective: (1) natural, (2) longitudinal, (3) semi-transverse and (4) trans-
verse or improved transverse ventilation.

Figure 4.
Deviation of simulation results from experimental data in % for 100 MW fire.
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The model simulates the 3.2% tunnel slope with the additional gravity vector
component in the direction of the slope of 0.314 m/s2. The portals are defined as
open boundary conditions that link the tunnel domain with the ambient.

The applied numerical grid is non-uniform. The geometry is divided into three
sections over the tunnel length: 560, 120 and 185 m. A 50 MW fire model applies
800,640 cells and a 100 MW model 1,274,220 cells. The reason is the requirement
of the combustion model, which computes the reaction and the heat release in the
second section where the fire is located. Other parts of the geometry do not require
such a dense grid because of lower velocity gradients.

3.2.1 Simulation results

The compared data presented here are temperatures measured with thermocou-
ples in the experiment and observed in a simulation. There are 14 observation
points selected at 2.5 and 6.5 metres from the floor placed every 100 metres from
the left portal (Figure 2).

The maximum deviation is within the first 400 seconds of the simulation, after
that time the calculated values come closer to the measured ones. Measuring points
that measure temperatures on the downwind side (TC 208 and TC 73) of the fire
vary considerably, since these errors are greater than 100°C. This measurement is
not a representative, since the calculated back layer varies just 10 metres from that
measured. The values on TC 202 and TC 66 are very representative, which are
closest to the fire on the upwind side. At the initial stages of the fire (up to 400 s),
the deviation is large, namely 50–100% or 30–100°C. The errors are reduced
after 400 s and reach the values � 15°C until the end of the simulation (900 s).
The deviations at other measuring points are at the end of the simulation of the
order of magnitude from �10 to +50% or temperature differences from
�10 to +30°C.

Figures 3 and 4 shows the deviation of the simulated values from the experi-
mental ones for each measuring point for 50 MW and 100MW fire respectively. The
largest deviation is at the measuring points TC 200 and TC 202, which are located
upwind of the fire, because the calculated reverse current is greater than on the
experiment. The fluctuation in the deviation of the results is visible over a period of

Figure 3.
Deviation of simulation results from experimental data in % for 50 MW fire.
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200–400 s, which occurs during the transient of the fan turnover, and consequently
there is a change in the direction of flow against the buoyant flow. The comparison of
the values on the downwind side of the fire at the measuring points TC 208, TC 73
and TC 75 shows deviations in the range of �15%, which is satisfactory for us.

The conclusion from comparing the results is that the model geometry, initial
and boundary conditions and the setting of the numerical grid conform to the
numerical requirements for the calculation of fluid dynamics inside the tunnel,
against the experimental data. The obtained information is further used in the
preparation of other similar models.

4. Tunnel fire and risk analysis

The risk assessment methodology presented here is based on the analysis of CFD
model results. The reliability of the methodology is proven with model results and
numerous scenarios, where the whole spectre of tunnel fire scenarios is assessed,
considering different types of ventilation and different fire intensity. Other param-
eters, like environmental influence, traffic density and other characteristics of the
tunnel, are handled separately [26].

The idea is based on the development of a deterministic risk matrix as presented
in Table 3 based on CFD results. The safety category is represented by the power of
the fire and the type of ventilation where the consequences are evaluated in the
time during the progress of the fire [27, 28]. The risk criteria are defined as a
relation between the hot smoke layer height, the distance from the fire location and
the evacuation time of the users. In the case the speed of the smoke is greater than
the speed of the evacuation and in case the thickness of the hot layer is higher than
the height of the person during the evacuation, the risk is high.

4.1 Tunnel fire scenarios

All together 12 tunnel fire scenarios are processed. Three levels of fire are
simulated, each with four different types of ventilation. The span of the fire source
is from 20 MW, 50 MW to 100 MW, while the ventilation is sorted from the less to
the more effective: (1) natural, (2) longitudinal, (3) semi-transverse and (4) trans-
verse or improved transverse ventilation.

Figure 4.
Deviation of simulation results from experimental data in % for 100 MW fire.
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The section of the simulated tunnel is 650 m long, 10 m wide and 8 m in height
or 6 m when the roof is lowered for transverse ventilation. The fire is located at a
distance of 350 m in all the models, differing only in the size of the burning area.
Findings from validation tests are used and implemented also in the following
scenario of the definition of initial and boundary conditions of the model and
proper numerical discretization.

4.2 Fire simulation

The calculation of the 12 presented scenarios is done on a cluster of four com-
puters—PC 2.8 MHz with a join memory capacity of 32 GB. The discretization of
each model is from 800,000 to 1,400,000 mesh points. The numeric and sensitive
analysis of the model was conducted but is not presented here. After multiple
simulation repetitions, calculation times comparisons and result validations, an
optimal relation between numerical grid density, calculation time and result reli-
ability has been obtained.

The definition of the initial and boundary conditions is different for each model
but based on findings from the validation models. Four different ventilations are
defined: natural, longitudinal, semi-transverse and transverse. The tunnel models
with natural and longitudinal ventilation take the whole section of the tunnel; the
tunnel models with semi-transverse and transverse ventilation consider only the
light section of the tunnel (without the ventilation ducts).

4.3 Results

The presentation of the results in a form of temperature of smoke
concentration field can provide useful information only to an experienced user but
yields unclear information about a true risk. Results of simulation are therefore
processed for each scenario according to the criteria from paragraph 2.2. The tem-
perature and smoke values are the most influential risk parameters in the tunnel.
According to the human resistance criteria, the individual risk is calculated and
presented in a descriptive form low risk (LR) to extreme high risk (EXR). The
presence of smoke on the individual location influences the first four levels of risk,
depending on concentration; the presence of high temperature contributes to an
additional (the highest) risk level. Table 4 presents a deterministic risk matrix for a
constant location in a tunnel during a fire that is 252 m north of the fire. The picture
is very representative because it confirms the theory on safety analyses from

Table 3.
Deterministic safety analysis: Generic example of risk matrix.
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The section of the simulated tunnel is 650 m long, 10 m wide and 8 m in height
or 6 m when the roof is lowered for transverse ventilation. The fire is located at a
distance of 350 m in all the models, differing only in the size of the burning area.
Findings from validation tests are used and implemented also in the following
scenario of the definition of initial and boundary conditions of the model and
proper numerical discretization.

4.2 Fire simulation

The calculation of the 12 presented scenarios is done on a cluster of four com-
puters—PC 2.8 MHz with a join memory capacity of 32 GB. The discretization of
each model is from 800,000 to 1,400,000 mesh points. The numeric and sensitive
analysis of the model was conducted but is not presented here. After multiple
simulation repetitions, calculation times comparisons and result validations, an
optimal relation between numerical grid density, calculation time and result reli-
ability has been obtained.

The definition of the initial and boundary conditions is different for each model
but based on findings from the validation models. Four different ventilations are
defined: natural, longitudinal, semi-transverse and transverse. The tunnel models
with natural and longitudinal ventilation take the whole section of the tunnel; the
tunnel models with semi-transverse and transverse ventilation consider only the
light section of the tunnel (without the ventilation ducts).

4.3 Results

The presentation of the results in a form of temperature of smoke
concentration field can provide useful information only to an experienced user but
yields unclear information about a true risk. Results of simulation are therefore
processed for each scenario according to the criteria from paragraph 2.2. The tem-
perature and smoke values are the most influential risk parameters in the tunnel.
According to the human resistance criteria, the individual risk is calculated and
presented in a descriptive form low risk (LR) to extreme high risk (EXR). The
presence of smoke on the individual location influences the first four levels of risk,
depending on concentration; the presence of high temperature contributes to an
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Section 2, that is, the individual risk increases with fire size and evacuation time.
Further, for the largest fire, the contribution to the risk of the ventilation may
be observed.

Table 4 is made as a functionally dependent dynamic matrix that selects the
calculated values from the database of CFD processed results. The matrix model
allows the selection of the observed location and then calculates the risk. According
to the evacuation model, the start position—the beginning of the self-rescue proce-
dure and the walking speed—is defined, and the users’movement may be observed
as the smoke concentration and the temperature height to which tunnel users are
exposed. The individual risk is therefore calculated.

5. Risk assessment using CFD results

CFD simulation results could provide relatively accurate information on fire
dynamics. As presented in Section 2 there is a possibility to connect the determin-
istic approach to a probabilistic approach. I especially refer to the consequences as
they are shown in Table 1. The processed results from tunnel modelling as
presented in a risk matrix are quantified first according to Table 1. The information
presents the quantification of risk that is taken as a final result of the risk during a
tunnel fire or as an input for the continuation of events in the event tree assessment
of the risk.

The continuation of the event tree from Figure 1 for the G2 scenario is presented
in Figure 5.

The use of a deterministic approach as the continuation of the event tree is
useful for checking the comparability of both methods or in a case when the
probability approach does not yield reliable results. As mentioned in Section 2, the
high risk in tunnels is limited to events with low likelihood and large consequences.
The approach proposed by Persson [16] has complemented the QRA approach
promoted by the OECD/PIARC, QRAM model, widely used in EU countries as a
consequence of EU directive EU 2004/54/EC.

Most of the methodologies—Austrian tunnel risk model TuRisMo, the Dutch
QRA tunnels, the French specific hazard identification and the Italian risk analysis
for road tunnels that consider the transportation of dangerous goods—include the
use of QRAM software. Consequence models are the key elements in the risk esti-
mation. All fire, explosion and smoke dispersion models used in QRAM are based on
simple lumped models and empirical equations in one-dimensional space. There-
fore, the computation of physical phenomena is fast and appropriate for multiple
risk calculations, but the accuracy of the consequence is questionable. The higher
the complexity of the fire scenario, the greater is the uncertainty of the results [29].

Figure 5.
Passage from a deterministic to a probability risk analysis method.
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The calculation of consequences with a CFD program is performed for the same
scenarios as Persson [16], including the same evacuation concept, and the number
of fatalities is calculated. Three main scenarios are analysed, G2, G5 and G8, which
represent three different fire sources (Figure 6).

Findings observing CFD results are important because they show some
undetectable phenomena. The simulation of a 17 MW fire (scenario G2) shows that
the use of longitudinal ventilation, according to the emergency ventilation plan, is
worse than without ventilation for the whole evacuation time. The reason is hidden
in the smoke movement dynamics. During natural ventilation the smoke layer is
kept stratified under the celling, and evacuation is possible through the bottom
layer. The start of the longitudinal ventilation after 10 minutes causes the formation
of vortices that break down the stratification and fill up the tunnel with smoke. It
takes several minutes for jet fans to clean the evacuation side of the tunnel
from smoke.

This transition process is usually not correctly covered by simple 1D models as
presented in Persson [16].

5.1 Risk levels

Based on the calculated individual risk frequencies, the collective risk is com-
puted. Integrating the probability of death for each event over the number of people
in the tunnel represents the number of fatalities by a given event. Figure 7 illus-
trates the modelled risk level for a gasoline spill in the F-N diagram.

Each scenario frequency obtained from the event tree is multiplied by the
calculated number of fatalities from the CFD simulation results. The risk level is
calculated as the sum of the fatality frequency per year for the analysed accidents.
This is the potential loss of life risk (PLL) per year for scenarios that endanger a
calculated number of persons in Table 5. Further, the cumulative fatality frequency
is calculated, and the F-N curve is plotted in Figure 7.

Two F-N curves in Figure 7 are compared in order to understand the applica-
bility and advantage of simulating fire scenarios with CFD. The boundary of risk is

Figure 6.
Event tree for gasoline spill.
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The calculation of consequences with a CFD program is performed for the same
scenarios as Persson [16], including the same evacuation concept, and the number
of fatalities is calculated. Three main scenarios are analysed, G2, G5 and G8, which
represent three different fire sources (Figure 6).
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of vortices that break down the stratification and fill up the tunnel with smoke. It
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defined with a risk acceptance criteria. Since the risk criteria vary from country to
country, it is difficult to generalise and say whether the risks are acceptable or not.
Author Trbojevic [30] and others have emphasised the individual risk criteria based
on the existing national standards and guidelines. The harmonisation of risk accep-
tance criteria for the transport of dangerous goods is proposed in the final report of
the DG-MOVE project [31]. The upper and lower risk used is (Table 6):

The F-N curve modelled by Persson [16] is very close to the curve modelled in
this paper by the authors. Although both risk curves are within the ALARP area, the

Figure 7.
Collective risk level for gasoline spill in a tunnel.

Gasoline spill
(author)

Fatalities [per
accident]

PLL risk (fatalities)
[per year]

Event frequency
[per year]

Cumulative fatality frequency
[per year]

0 0.00E + 00 1.25E � 08 7.58E � 08

3 1.77E � 08 5.91E � 09 6.32E � 08

57 3.03E � 06 5.32E � 08 5.73E � 08

258 6.37E � 07 2.47E � 09 4.14E � 09

345 4.81E � 07 1.39E � 09 1.67E � 09

361 9.91E � 08 2.74E � 10 2.74E � 10

Table 5.
Cumulative risk for gasoline spill accident.

Parameters for societal risk criteria Value Denomination

F upper (dotted line between ALARP and intolerable) 1 • 10�2 Fatalities/year

F lower (dotted line between ALARP and negligible) 1 • 10�4 Fatalities/year

Table 6.
Limits for societal risk.
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author’s is closer to the low-risk criteria. In both cases no additional risk control
options (ROCs) are needed. In case one, if the risk curve would exceed the upper
risk criteria and therefore impose the ROCs, a precise calculation of consequences
could reduce the actual risk. Figure 7 also shows the F-N curve for the same
scenarios (G2, G5, G8) using transverse ventilation during a fire. All simulations are
done on a relatively short tunnel, and the F-N curve shows no significant difference
between the two ventilation systems. The risk curve drop for a transfer ventilation
indicates the advantage of this ventilation for long tunnels.

Risk assessment of a road tunnel is normally divided into risks arisen from traffic
density, influenced by environmental and infrastructural elements, fire scenarios in
a tunnel considering tunnel equipment and evacuation/rescue plans. The overall
risk is influenced by all these elements. However, the most unknown remains the
smoke dynamics under the influence of a tunnel ventilation system, pressure dif-
ference between cross passages and pressure difference between portals. The use of
empirical fire models and one-dimensional flow movement models is appropriate,
under the authors’ consideration, for the verification of ventilation plans, but is not
reliable enough for the estimation of individual risks.

Risk assessment is normally a continuous process observed on daily, weekly or
seasonal intervals, to assure the acceptance of a tunnel’s operational risk. In practice
risk assessments have been conducted once after 2004 for all EU operating tunnels
on Trans-European Network (TEN) and for every new building to fulfil legal
requirements. After that these same tunnels have updated their risk assessments
mainly after some reconstruction or traffic regime changes. The increased traffic
density and the increased share of dangerous goods on HGV are not assessed after a
decade since QRA implementation. Although the CFD fire simulation takes more
time to be processed than simple fire models, they could provide the assessor
consolidated and reliable results on fire and smoke dynamics, which is mandatory
for evaluating the magnitude of consequences for human lives. Because the recent
history of QRA for tunnels shows us that assessments have been conducted once for
the majority of tunnels, there is a strong justification to perform fire dynamics
analysis with the most reliable possible approach. In this case the presented paper
promotes the approach for this part of the QRA process that is fully compatible with
existing approaches like QRAM or other methods.

6. Conclusion

A complexity of fire scenarios with different tunnel ventilations and fire forces is
presented in the paper. Despite the long computational time required to process
CFD simulation of fire in a tunnel, the process is worth the time and necessary for
evaluating the most likely consequences to users during an accident. The reliability
of CFD results is significant, and the validation of the fire model is presented
compared with experimental results. This is a mandatory process of a model prepa-
ration before the actual scenario simulations. A deep focus on CFD models is omit-
ted from the paper although a large number of referenced authors have applied FDS
to tunnel simulation. The processing of results is further presented in the paper.
Several authors, referenced during the discussion, never used CFD results to assess
the risk to individuals, including during evacuation. The risk is here presented
ranging from simulation results to risk levels from low to extreme risk, depending
on temperature and smoke concentration at different tunnel heights. According to
human resistance to high temperature and smoke concentration, the exposure risk is
evaluated and presented in the number of fatalities per exposure time. The overall
risk of a scenario is presented for natural, longitudinal and transverse ventilation.
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57 3.03E � 06 5.32E � 08 5.73E � 08

258 6.37E � 07 2.47E � 09 4.14E � 09

345 4.81E � 07 1.39E � 09 1.67E � 09

361 9.91E � 08 2.74E � 10 2.74E � 10

Table 5.
Cumulative risk for gasoline spill accident.

Parameters for societal risk criteria Value Denomination

F upper (dotted line between ALARP and intolerable) 1 • 10�2 Fatalities/year

F lower (dotted line between ALARP and negligible) 1 • 10�4 Fatalities/year

Table 6.
Limits for societal risk.
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author’s is closer to the low-risk criteria. In both cases no additional risk control
options (ROCs) are needed. In case one, if the risk curve would exceed the upper
risk criteria and therefore impose the ROCs, a precise calculation of consequences
could reduce the actual risk. Figure 7 also shows the F-N curve for the same
scenarios (G2, G5, G8) using transverse ventilation during a fire. All simulations are
done on a relatively short tunnel, and the F-N curve shows no significant difference
between the two ventilation systems. The risk curve drop for a transfer ventilation
indicates the advantage of this ventilation for long tunnels.

Risk assessment of a road tunnel is normally divided into risks arisen from traffic
density, influenced by environmental and infrastructural elements, fire scenarios in
a tunnel considering tunnel equipment and evacuation/rescue plans. The overall
risk is influenced by all these elements. However, the most unknown remains the
smoke dynamics under the influence of a tunnel ventilation system, pressure dif-
ference between cross passages and pressure difference between portals. The use of
empirical fire models and one-dimensional flow movement models is appropriate,
under the authors’ consideration, for the verification of ventilation plans, but is not
reliable enough for the estimation of individual risks.

Risk assessment is normally a continuous process observed on daily, weekly or
seasonal intervals, to assure the acceptance of a tunnel’s operational risk. In practice
risk assessments have been conducted once after 2004 for all EU operating tunnels
on Trans-European Network (TEN) and for every new building to fulfil legal
requirements. After that these same tunnels have updated their risk assessments
mainly after some reconstruction or traffic regime changes. The increased traffic
density and the increased share of dangerous goods on HGV are not assessed after a
decade since QRA implementation. Although the CFD fire simulation takes more
time to be processed than simple fire models, they could provide the assessor
consolidated and reliable results on fire and smoke dynamics, which is mandatory
for evaluating the magnitude of consequences for human lives. Because the recent
history of QRA for tunnels shows us that assessments have been conducted once for
the majority of tunnels, there is a strong justification to perform fire dynamics
analysis with the most reliable possible approach. In this case the presented paper
promotes the approach for this part of the QRA process that is fully compatible with
existing approaches like QRAM or other methods.

6. Conclusion

A complexity of fire scenarios with different tunnel ventilations and fire forces is
presented in the paper. Despite the long computational time required to process
CFD simulation of fire in a tunnel, the process is worth the time and necessary for
evaluating the most likely consequences to users during an accident. The reliability
of CFD results is significant, and the validation of the fire model is presented
compared with experimental results. This is a mandatory process of a model prepa-
ration before the actual scenario simulations. A deep focus on CFD models is omit-
ted from the paper although a large number of referenced authors have applied FDS
to tunnel simulation. The processing of results is further presented in the paper.
Several authors, referenced during the discussion, never used CFD results to assess
the risk to individuals, including during evacuation. The risk is here presented
ranging from simulation results to risk levels from low to extreme risk, depending
on temperature and smoke concentration at different tunnel heights. According to
human resistance to high temperature and smoke concentration, the exposure risk is
evaluated and presented in the number of fatalities per exposure time. The overall
risk of a scenario is presented for natural, longitudinal and transverse ventilation.
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The use of CFD programs in fire analysis is not new and has been widely used for
more than a decade and has become a powerful tool for deep consequence analysis.
The risk assessments of fire scenarios, on the other hand, still use a faster computa-
tional method. This is understandable where the risk is continuously assessed, but
for tunnels with an unchanged geometry and ventilation systems, it is done but
once. The most recognised representation of a societal risk is with a risk matrix, or,
better, risk curves, as used in this paper. The methodology regarding how to link the
calculated fire dynamics variables to consequences for human lives is explained, as
well as, further, the use of these consequences to quantitatively determine the risk
for users. Although the process for CFD calculation is time demanding, the author
believes that taking such time is important, as it provides more reliable results and
better support for the decision-making in the selection of effective risk control
options.

The new improvement for the future risk assessments in tunnel would be the
implementation of new fuels in the automotive technology either pressurised gas
like LPG or hydrogen and LNG. Similarly, a larger introduction of hybrid and
electric vehicles would influence the change in the concept of tunnel safety.
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Chapter 5

Simulation Fidelity and Skill
Learning during Helicopter Egress
Training: The Role of Vision
Stefanie Dawn Martina, Gal Ziv, Elizabeth Sanli
and Heather Carnahan

Abstract

This project aimed to evaluate the effects of ambient lighting during practice and
performance of simulated helicopter escape sequences. Participants were random-
ized to one of the following groups to practice a standard helicopter underwater
escape sequence: Light (with room lights on), Dark (with room lights off), or
Graduated (in the light for the first half and then in the dark for the second half of
the trials). Following practice, participants had a minimum of 30 min break,
followed by retention testing in the dark and then in the light. Dependent measures
included accuracy and movement time. Results indicated that participants
performed more accurately during the dark retention trial than during the light
retention trial. This could be due to increased arousal elicited by performance in the
dark or, alternatively, may suggest that performance of helicopter escape sequences
is not visually mediated. Based on findings, it appears that training in the light is
suitable for potential performance in the dark.

Keywords: learning specificity, helicopter escape, simulation, HUET, training

1. Introduction

Safety training for high-risk industries and scenarios requires an approach that
optimizes learning for enhanced skill learning and retention. An example is heli-
copter underwater escape training (HUET) for surviving a ditching over water.
HUET is mandatory for offshore oil and gas employees and relevant military per-
sonnel. Currently, no universal training standard exists [1].

When a helicopter ditches in water, it typically inverts and sinks [2–4]. Crew
and passengers often have less than 15 s of notice to make an underwater escape [5].
Not surprisingly, drowning has been identified as the leading cause of death fol-
lowing a ditching [6]. Disorientation and limited vision have been hypothesized as
contributing to reduced survival [1, 7]. These factors are influenced by darkness,
which has been linked with higher mortality rates during egress [1, 5]. Arguably, all
egress occurs in low-light conditions. A nighttime helicopter ditching would obvi-
ously occur in dark conditions. However, regardless of time of day, numerous
factors degrade light availability and consequently may impact visibility. For exam-
ple, the inversion of the helicopter directs windows away from daylight and trans-
missivity of light through water is much less than light through air. As the
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This project aimed to evaluate the effects of ambient lighting during practice and
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optimizes learning for enhanced skill learning and retention. An example is heli-
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sonnel. Currently, no universal training standard exists [1].
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lowing a ditching [6]. Disorientation and limited vision have been hypothesized as
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which has been linked with higher mortality rates during egress [1, 5]. Arguably, all
egress occurs in low-light conditions. A nighttime helicopter ditching would obvi-
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factors degrade light availability and consequently may impact visibility. For exam-
ple, the inversion of the helicopter directs windows away from daylight and trans-
missivity of light through water is much less than light through air. As the
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helicopter sinks, light penetrance degrades. Indeed, at 35 feet of sea water, approx-
imately 20% of light penetrates clear ocean water [8]. Debris presence [9] and water
turbidity [8, 9] further impact light attenuation. Even at shallow depths with bright
sunlight, very high turbidity can degrade visibility to less than 1 foot of distance [8].
Presumably, darkness would augment challenges that are exacerbated by poor
visibility such as finding exits and getting oriented to the water’s surface, thereby
impacting survival. Research has shown that night flying is associated with reduced
survival rates [1, 5]. One study reported that survival rates for a nighttime and
daytime crash were 41 and 77%, respectively. Limited vision during egress was
hypothesized as contributing to the reduced survival rate at night [1]. To mitigate
this, emergency exit lighting has been incorporated in helicopter design, known as
helicopter emergency escape lighting (HEEL). Some studies have demonstrated
reduced escape times with HEEL in the laboratory setting [9–12]. However, the
effectiveness of HEEL remains a concern, as there is some evidence to suggest that
lights may not be detectable when seated by the aisle even with bright ambient
lighting conditions [9].

To help prepare for emergency egress, many military organizations and indus-
tries have mandated that relevant personnel complete HUET. Since no universal
training standard or assessment standard exists [13], whether trainees practice
egress in low-light conditions will vary based on the best practices of individual
training facilities. Limited research exists on optimal training curricula to improve
performance and survivability. The principle of learning specificity states that
practice is most effective when it closely matches actual performance conditions
[14]. Skill learning is contingent upon the development of a sensorimotor plan that
is sensitive to sensory information available during practice [14–16]. According to
these principles, helicopter egress practice should be conducted in low-light condi-
tions to optimize learning.

The 2009 Cougar Flight 491 helicopter crash off the Newfoundland, Canada
coast prompted an increased focus on identifying and mitigating safety threats to
helicopter night flying. Following the accident, the Commissioner’s report
recommended the restriction of night flying until adequate safety improvements
were made [17]. A ban on night flights in the province has remained in effect.
Another recommendation made was increased simulation fidelity of training. Sim-
ulation fidelity refers to “the degree of faithfulness between entities” [18]. The
similarities between entities, or conditions, govern the degree of learning transfer
[19, 20]. A high degree of simulation fidelity may be particularly important for
optimizing learning when training for high-stress scenarios [1, 18, 21].

Although it was required that pilots demonstrate successful ditching during
night flights, no attention has been given to the ability of passengers to demonstrate
the ability to escape during low- or no-light conditions or to the fidelity of HUET to
prepare for these conditions. Limited nighttime ditching training was identified as a
potential factor contributing to the reduced survival rate [1]. Given the challenge of
limited visibility during escape, it is plausible that training in dark conditions may
be beneficial to learning and performance.

Since helicopter egress generally occurs in a low-light setting, the principle of
learning specificity suggests that HUET would be most effective if also conducted in
low- or no-light conditions. According to the principle of learning specificity, the
most efficient sensory information available during acquisition dominates over
other feedback sources and is utilized to develop a sensorimotor plan. Once devel-
oped, the sensorimotor plan remains sensitive to the optimal sensory information
available during practice [14–16]. This principle was first demonstrated when par-
ticipants who had practiced a manual aiming task with vision performed more
poorly on transfer tests when vision was withdrawn, suggesting that vision is the
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dominant and preferred sensory source [22–24]. Accordingly, lack of visual feed-
back due to low ambient light levels during practice would result in performance
decrements.

Ambient vision is thought not to be affected by low levels of light [25]. However,
decreased light levels could reduce the acuity of visual feedback. This may conse-
quently affect aspects of sensory feedback such as eye and head movement patterns.
Changes in lighting can affect perception and object appearance, for example by
shadow production [26]. It is plausible that low lighting may reduce visibility range,
which could affect end-target sight or object recognition. For goal-directed move-
ments where terminal visual feedback is imperative for movement calibration,
performance would decline in low light conditions [27]. It is possible that learning
may be similarly affected. Motor learning refers to the changes in internal processes
that occur with practice or experience, which affects an individual’s ability to
execute a motor task. Motor learning depends on the integration and interpretation
of sensory stimuli. Retention testing is the preferred method to assess learning,
which involves evaluation of a trained task after some time interval. Performance is
the observable production of a motor skill, which is influenced by transient factors
such as fatigue, motivation, and affective state [25, 28–30]. Although related, it is
important to note that performance and learning are distinct processes [25, 30].

To examine the role of visual feedback on learning specificity, studies have
typically examined effects of manipulated visual feedback (e.g., by distortion or
narrowing) or withdrawn vision during motor tasks. Proteau and colleagues had
participants practice a manual aiming task, which required the movement of a
stylus to an end target while mechanically perturbed and time constrained, in either
a light or dark room [14, 22]. When participants trained in the dark and then
performed a retention transfer test in the light, performance deteriorated. This
demonstrated the impact of training condition for retention and transfer. Impor-
tantly, the end-target was always visible in the dark condition. Additionally, sub-
jects performed over 1000 practice trials and were given knowledge of results
following each trial. These conditions may not be generalizable to real-life contexts.

The present study aimed to evaluate the effects of lighting on practice and
retention (i.e., learning) performance during helicopter egress sequences conducted
in a simulator. Practice occurred either with all trials in the light (Light Group), all
trials in the dark (Dark Group), or half of the trials in the light followed by half in
the dark (Graduated Group). The Graduated group was intended to evaluate effects
of progressive learning [31].

We hypothesized that the Dark Group would have superior retention perfor-
mance in the dark compared to the Light Group, supporting the principle of learn-
ing specificity and the Graduated Group (that practiced in both the light and then
the dark) would have similar performance to both the Light and Dark Groups in the
respective retention tests.

2. Methods

2.1 Participants

Thirty-eight participants (20 females, 18 males; average age (SD): 31 (11) years,
range: 19–58) were recruited from the local community. All participants had self-
reported normal or correctable-to-normal vision and gave written consent. Proce-
dures complied with the Declaration of Helsinki and ethics was approved by the
Interdisciplinary Committee on Ethics in Human Research at Memorial University
protocol 20180377-HK.
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helicopter sinks, light penetrance degrades. Indeed, at 35 feet of sea water, approx-
imately 20% of light penetrates clear ocean water [8]. Debris presence [9] and water
turbidity [8, 9] further impact light attenuation. Even at shallow depths with bright
sunlight, very high turbidity can degrade visibility to less than 1 foot of distance [8].
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survival rates [1, 5]. One study reported that survival rates for a nighttime and
daytime crash were 41 and 77%, respectively. Limited vision during egress was
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this, emergency exit lighting has been incorporated in helicopter design, known as
helicopter emergency escape lighting (HEEL). Some studies have demonstrated
reduced escape times with HEEL in the laboratory setting [9–12]. However, the
effectiveness of HEEL remains a concern, as there is some evidence to suggest that
lights may not be detectable when seated by the aisle even with bright ambient
lighting conditions [9].

To help prepare for emergency egress, many military organizations and indus-
tries have mandated that relevant personnel complete HUET. Since no universal
training standard or assessment standard exists [13], whether trainees practice
egress in low-light conditions will vary based on the best practices of individual
training facilities. Limited research exists on optimal training curricula to improve
performance and survivability. The principle of learning specificity states that
practice is most effective when it closely matches actual performance conditions
[14]. Skill learning is contingent upon the development of a sensorimotor plan that
is sensitive to sensory information available during practice [14–16]. According to
these principles, helicopter egress practice should be conducted in low-light condi-
tions to optimize learning.

The 2009 Cougar Flight 491 helicopter crash off the Newfoundland, Canada
coast prompted an increased focus on identifying and mitigating safety threats to
helicopter night flying. Following the accident, the Commissioner’s report
recommended the restriction of night flying until adequate safety improvements
were made [17]. A ban on night flights in the province has remained in effect.
Another recommendation made was increased simulation fidelity of training. Sim-
ulation fidelity refers to “the degree of faithfulness between entities” [18]. The
similarities between entities, or conditions, govern the degree of learning transfer
[19, 20]. A high degree of simulation fidelity may be particularly important for
optimizing learning when training for high-stress scenarios [1, 18, 21].

Although it was required that pilots demonstrate successful ditching during
night flights, no attention has been given to the ability of passengers to demonstrate
the ability to escape during low- or no-light conditions or to the fidelity of HUET to
prepare for these conditions. Limited nighttime ditching training was identified as a
potential factor contributing to the reduced survival rate [1]. Given the challenge of
limited visibility during escape, it is plausible that training in dark conditions may
be beneficial to learning and performance.

Since helicopter egress generally occurs in a low-light setting, the principle of
learning specificity suggests that HUET would be most effective if also conducted in
low- or no-light conditions. According to the principle of learning specificity, the
most efficient sensory information available during acquisition dominates over
other feedback sources and is utilized to develop a sensorimotor plan. Once devel-
oped, the sensorimotor plan remains sensitive to the optimal sensory information
available during practice [14–16]. This principle was first demonstrated when par-
ticipants who had practiced a manual aiming task with vision performed more
poorly on transfer tests when vision was withdrawn, suggesting that vision is the
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dominant and preferred sensory source [22–24]. Accordingly, lack of visual feed-
back due to low ambient light levels during practice would result in performance
decrements.

Ambient vision is thought not to be affected by low levels of light [25]. However,
decreased light levels could reduce the acuity of visual feedback. This may conse-
quently affect aspects of sensory feedback such as eye and head movement patterns.
Changes in lighting can affect perception and object appearance, for example by
shadow production [26]. It is plausible that low lighting may reduce visibility range,
which could affect end-target sight or object recognition. For goal-directed move-
ments where terminal visual feedback is imperative for movement calibration,
performance would decline in low light conditions [27]. It is possible that learning
may be similarly affected. Motor learning refers to the changes in internal processes
that occur with practice or experience, which affects an individual’s ability to
execute a motor task. Motor learning depends on the integration and interpretation
of sensory stimuli. Retention testing is the preferred method to assess learning,
which involves evaluation of a trained task after some time interval. Performance is
the observable production of a motor skill, which is influenced by transient factors
such as fatigue, motivation, and affective state [25, 28–30]. Although related, it is
important to note that performance and learning are distinct processes [25, 30].

To examine the role of visual feedback on learning specificity, studies have
typically examined effects of manipulated visual feedback (e.g., by distortion or
narrowing) or withdrawn vision during motor tasks. Proteau and colleagues had
participants practice a manual aiming task, which required the movement of a
stylus to an end target while mechanically perturbed and time constrained, in either
a light or dark room [14, 22]. When participants trained in the dark and then
performed a retention transfer test in the light, performance deteriorated. This
demonstrated the impact of training condition for retention and transfer. Impor-
tantly, the end-target was always visible in the dark condition. Additionally, sub-
jects performed over 1000 practice trials and were given knowledge of results
following each trial. These conditions may not be generalizable to real-life contexts.

The present study aimed to evaluate the effects of lighting on practice and
retention (i.e., learning) performance during helicopter egress sequences conducted
in a simulator. Practice occurred either with all trials in the light (Light Group), all
trials in the dark (Dark Group), or half of the trials in the light followed by half in
the dark (Graduated Group). The Graduated group was intended to evaluate effects
of progressive learning [31].

We hypothesized that the Dark Group would have superior retention perfor-
mance in the dark compared to the Light Group, supporting the principle of learn-
ing specificity and the Graduated Group (that practiced in both the light and then
the dark) would have similar performance to both the Light and Dark Groups in the
respective retention tests.

2. Methods

2.1 Participants

Thirty-eight participants (20 females, 18 males; average age (SD): 31 (11) years,
range: 19–58) were recruited from the local community. All participants had self-
reported normal or correctable-to-normal vision and gave written consent. Proce-
dures complied with the Declaration of Helsinki and ethics was approved by the
Interdisciplinary Committee on Ethics in Human Research at Memorial University
protocol 20180377-HK.
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2.2 Task and apparatus

Experimental procedures were conducted at the Marine Institute’s Offshore
Safety and Survival Centre (MI-OSCC), Conception Bay South, Newfoundland,
Canada. Trials were conducted in the Help Quest Helicopter Ditching Simulator
(Virtual Marine, St. John’s, NL) without use of the motion platform or simulated
helicopter noise. The interior of the simulator replicates a Sikorsky S-92, which is
used commonly for operational purposes internationally. For practical reasons, the
simulator contains only four seats (two seats each by a starboard side window and
two each by a port side window, forming two rows) compared to 19 seats in the
actual S-92.

Practice trials were conducted in the front and rear port window seats and front
starboard window seat since these seats had push-out window exits. Retention trials
were conducted in the front port window seat. The front port seat was always in a
crash attenuated position (stroked), which is low to the ground. A stroke seat
collapses upon impact as part of an energy absorption system that is intended to
prevent primarily spinal injuries after a crash. However, evidence suggests that
egress from a stroked seat position is more challenging than from a normally
positioned seat because the evacuee is now situated lower relative to the window
(escape route) and is in an orientation where it is more difficult to generate suffi-
cient force to push out the helicopter window for egress [13, 32].

Participants performed a standardized escape sequence (Appendix) during a
simulated submerged helicopter ditching. The sequence included the following:
taking off a headset; putting on a hood; putting on a scuba-type mask; crossing arms
and tucking the head to brace for “impact”; putting a scuba-type regulator (mouth-
piece attached to a compressed air-filled cylinder) in the mouth; preparing to exit
by pushing the window; and unbuckling a four-point harness. Participants were
prompted to execute sequence steps by the following verbal commands (given in
the order listed): “ditching, ditching, ditching”; “brace, brace, brace”; and “impact,
impact, impact”. Cues were given at regular elapsed time intervals - the brace call
was given 30–45 s after the ditching call (time interval based on completion of
ditching steps), and the impact call was given 15 seconds after the brace call.

2.3 Procedures

Permuted block randomization was used to allocate participants into one of the
following training groups: with room lights on for all trials (Light); with room lights
off for all trials (Dark); or in the light for half of the trials and in the dark for the
other half (Graduated).

The experiment consisted of a didactic session followed by simulator-based tri-
als. The didactic session consisted of a 20-min pre-recorded training video in which
a qualified and experienced instructor presented adapted material from the existing
HUET course offered by the MI-OSSC. Information relevant to helicopter egress
using Helicopter Underwater Escape Breathing Apparatus (HUEBA) was given,
while other non-pertinent material was removed. Didactic sessions included up to
four participants. HUET is regularly taught using group instruction format.

Participants performed simulator trials individually. Each participant was allot-
ted one orientation trial with real-time feedback immediately preceding practice
trials. The orientation trial was conducted in the rear starboard position, which was
not used for practice or retention trials. No feedback was given once practice trials
commenced.

Practice trials consisted of six total sequence executions, which is similar to the
amount of practice performed during a HUET course. Participants rotated through
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each seat position (front and back port side; front starboard side) twice. Seat
position order was counterbalanced. Practice trials took approximately 30 min to
complete.

Following practice trials, participants were given approximately a 30- to 60-min
break prior to retention testing. During this time, participants remained onsite and
were permitted to engage in leisure activities of choice (e.g. reading, browsing on
internet). For all participants, the retention tests consisted of one trial in the stroked
seat in the dark followed by one trial in the light. Retention tests took approximately
10 min to complete. All practice and retention trials were recorded with a FLIR
T430sc series infrared video camera that was able to capture video in dark
conditions.

2.4 Dependent variables

Measures of performance included accuracy and movement time. Movement
time was defined as the time in seconds (s) from the first action taken after the
ditching command to when movement ceased. Participants were instructed to
pause in the final position when he or she felt that the sequence was completed.
Accuracy was measured with a checklist (refer to Appendix) where participants
were awarded a point for every task in the sequence that was correctly performed.
All subtasks had to be performed correctly and in the appropriate sequence to be
awarded the point. The maximum possible score was seven. This checklist was
developed through consultation with experienced HUET instructors at the OSSC
and according to the training requirements of the Canadian Association of
Petroleum Producers.

2.5 Analysis

Dependent measures during practice were analyzed by separate 3 (Group: Dark;
Light; Graduated) X 3 (seat-position; front starboard; back port; front stroked port)
Analyses of Variances (ANOVAs) with repeated measures on the seat-position
factor.

Learning was evaluated by comparing practice trials conducted in the stroked
seats, the dark retention test, and the light retention test. Data were analyzed in
separate 3 (Group: Dark; Light; Graduated) X 3 (phase: practice trials in front
stroked port seat; dark retention in stroked port seat; light retention in stroked port
seat) ANOVAs with repeated measures on the phase factor.

3. Results

Data from 36 participants were included in the analysis. Two participants were
excluded due to loss of performance data.

3.1 Practice accuracy

When the practice data were analyzed there was no main effect of Group
(F (2, 29) = 2.368, p = 0.112, ƞ2p = 0.140) or seat (F (2, 58) = 0.865, p = 0.426,
ƞ2p = 0.029). There was a significant Group by seat-position interaction (F (4, 58) =
2.79, p = 0.035, ƞ2p = 0.161). Plots of each independent variable were used to assess
interactions and inform post-hoc procedures. Post-hoc analysis was done by using
three separate one-way ANOVAs for each seat positions. No significant effects
were found (starboard (F (2, 30) = 1.327, p = 0.280, ƞ2p = 0.264); back port
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2.2 Task and apparatus

Experimental procedures were conducted at the Marine Institute’s Offshore
Safety and Survival Centre (MI-OSCC), Conception Bay South, Newfoundland,
Canada. Trials were conducted in the Help Quest Helicopter Ditching Simulator
(Virtual Marine, St. John’s, NL) without use of the motion platform or simulated
helicopter noise. The interior of the simulator replicates a Sikorsky S-92, which is
used commonly for operational purposes internationally. For practical reasons, the
simulator contains only four seats (two seats each by a starboard side window and
two each by a port side window, forming two rows) compared to 19 seats in the
actual S-92.

Practice trials were conducted in the front and rear port window seats and front
starboard window seat since these seats had push-out window exits. Retention trials
were conducted in the front port window seat. The front port seat was always in a
crash attenuated position (stroked), which is low to the ground. A stroke seat
collapses upon impact as part of an energy absorption system that is intended to
prevent primarily spinal injuries after a crash. However, evidence suggests that
egress from a stroked seat position is more challenging than from a normally
positioned seat because the evacuee is now situated lower relative to the window
(escape route) and is in an orientation where it is more difficult to generate suffi-
cient force to push out the helicopter window for egress [13, 32].

Participants performed a standardized escape sequence (Appendix) during a
simulated submerged helicopter ditching. The sequence included the following:
taking off a headset; putting on a hood; putting on a scuba-type mask; crossing arms
and tucking the head to brace for “impact”; putting a scuba-type regulator (mouth-
piece attached to a compressed air-filled cylinder) in the mouth; preparing to exit
by pushing the window; and unbuckling a four-point harness. Participants were
prompted to execute sequence steps by the following verbal commands (given in
the order listed): “ditching, ditching, ditching”; “brace, brace, brace”; and “impact,
impact, impact”. Cues were given at regular elapsed time intervals - the brace call
was given 30–45 s after the ditching call (time interval based on completion of
ditching steps), and the impact call was given 15 seconds after the brace call.

2.3 Procedures

Permuted block randomization was used to allocate participants into one of the
following training groups: with room lights on for all trials (Light); with room lights
off for all trials (Dark); or in the light for half of the trials and in the dark for the
other half (Graduated).

The experiment consisted of a didactic session followed by simulator-based tri-
als. The didactic session consisted of a 20-min pre-recorded training video in which
a qualified and experienced instructor presented adapted material from the existing
HUET course offered by the MI-OSSC. Information relevant to helicopter egress
using Helicopter Underwater Escape Breathing Apparatus (HUEBA) was given,
while other non-pertinent material was removed. Didactic sessions included up to
four participants. HUET is regularly taught using group instruction format.

Participants performed simulator trials individually. Each participant was allot-
ted one orientation trial with real-time feedback immediately preceding practice
trials. The orientation trial was conducted in the rear starboard position, which was
not used for practice or retention trials. No feedback was given once practice trials
commenced.

Practice trials consisted of six total sequence executions, which is similar to the
amount of practice performed during a HUET course. Participants rotated through
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each seat position (front and back port side; front starboard side) twice. Seat
position order was counterbalanced. Practice trials took approximately 30 min to
complete.

Following practice trials, participants were given approximately a 30- to 60-min
break prior to retention testing. During this time, participants remained onsite and
were permitted to engage in leisure activities of choice (e.g. reading, browsing on
internet). For all participants, the retention tests consisted of one trial in the stroked
seat in the dark followed by one trial in the light. Retention tests took approximately
10 min to complete. All practice and retention trials were recorded with a FLIR
T430sc series infrared video camera that was able to capture video in dark
conditions.

2.4 Dependent variables

Measures of performance included accuracy and movement time. Movement
time was defined as the time in seconds (s) from the first action taken after the
ditching command to when movement ceased. Participants were instructed to
pause in the final position when he or she felt that the sequence was completed.
Accuracy was measured with a checklist (refer to Appendix) where participants
were awarded a point for every task in the sequence that was correctly performed.
All subtasks had to be performed correctly and in the appropriate sequence to be
awarded the point. The maximum possible score was seven. This checklist was
developed through consultation with experienced HUET instructors at the OSSC
and according to the training requirements of the Canadian Association of
Petroleum Producers.

2.5 Analysis

Dependent measures during practice were analyzed by separate 3 (Group: Dark;
Light; Graduated) X 3 (seat-position; front starboard; back port; front stroked port)
Analyses of Variances (ANOVAs) with repeated measures on the seat-position
factor.

Learning was evaluated by comparing practice trials conducted in the stroked
seats, the dark retention test, and the light retention test. Data were analyzed in
separate 3 (Group: Dark; Light; Graduated) X 3 (phase: practice trials in front
stroked port seat; dark retention in stroked port seat; light retention in stroked port
seat) ANOVAs with repeated measures on the phase factor.

3. Results

Data from 36 participants were included in the analysis. Two participants were
excluded due to loss of performance data.

3.1 Practice accuracy

When the practice data were analyzed there was no main effect of Group
(F (2, 29) = 2.368, p = 0.112, ƞ2p = 0.140) or seat (F (2, 58) = 0.865, p = 0.426,
ƞ2p = 0.029). There was a significant Group by seat-position interaction (F (4, 58) =
2.79, p = 0.035, ƞ2p = 0.161). Plots of each independent variable were used to assess
interactions and inform post-hoc procedures. Post-hoc analysis was done by using
three separate one-way ANOVAs for each seat positions. No significant effects
were found (starboard (F (2, 30) = 1.327, p = 0.280, ƞ2p = 0.264); back port
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(F (2, 30) = 3.19, p = 0.055, ƞ2p = 0.175); and front stroked port: (F (2, 29) = 1.758,
p = 0.190, ƞ2p = 0.108)).

3.2 Practice movement time

For practice, there were no statistically significant main effects for Group
(F (2, 29) = 0.510, p = 0.606, ƞ2p = 0.034) or seat position (F (2, 58) = 0.325,
p = 0.722, ƞ2p = 0.011), or for the interaction of these two factors (F (4,
58) = 0.580, p = 0.678, ƞ2p = 0.038).

3.3 Retention accuracy

Retention analysis revealed a statistically significant main effect of phase
(F (2, 58) = 6.012, p = 0.004, ƞ2p = 0.172). Least Significance Difference (LSD) post
hoc tests revealed that accuracy during the dark retention trial (mean = 4.9) was
significantly better than during the practice trials (mean = 4.4; p = 0.006) and the
light retention trial (mean = 4.6; p = 0.033, Figure 1). There was no significant
main effect of Group (F (2, 29) = 1.168, p = 0.325, ƞ2p = 0.075) or interaction effect
of Group and phase (F (4, 58) = 0.819, p = 0.518, ƞ2p = 0.053).

3.4 Retention movement time

Mauchly’s test indicated that the assumption of sphericity has been violated for
the main effect of trial (χ 2(2) = 7.067, p = 0.029); therefore, degrees of freedom
were corrected using Huynh-Feldt estimates of sphericity (ε = 0.920). A significant
main effect of phase was found (F (1.839, 53.335) = 5.911, p = 0.006, ƞ2p = 0.169).
LSD post hoc tests indicated that participants took significantly longer during the
practice trial (mean = 44.5 s) than during the light retention trial (mean = 39.2 s;

Figure 1.
Comparison of accuracy scores in the stroked seat during practice trials, dark retention test, and light retention
tests. Standard error is represented by error bars.
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p = 0.001; Figure 2). No significant main effect of Group (F (2, 29) = 0.544,
p = 0.586, ƞ2p = 0.036) or an interaction of phase and condition were found
(F (3.678, 53.335) = 0.819, p = 0.625, ƞ2p = 0.042).

4. Discussion

This is the first study aimed to evaluate performance of simulated helicopter
escape sequences conducted in low light conditions. We hypothesized that in com-
parison to the Light Group, the Dark Group would demonstrate superior overall
retention. We also hypothesized that the Graduated Group would perform equiva-
lently to both the Light and Dark Groups in the respective retention tests. Results
did not support our hypotheses. Performance during practice and retention did not
differ significantly across groups, indicating that ambient lighting during practice
did not affect performance. Based on our findings, training in the light appears to be
appropriate for performance and learning of helicopter escape sequences that will
be eventually performed in the dark. Findings may inform training standards and
be relevant to other extreme environments domains, such as within the search and
rescue and cave diving, where ambient light levels may vary and may impact
performance. However, it is possible that the task was too easy and that under more
ecologically valid conditions (e.g., performing in a mockup helicopter that is being
dropped into a pool) that are accompanied with increased anxiety, results would
have been different.

Interestingly, all participants performed more accurately during the dark reten-
tion trial than during the light retention trial or during the practice trials conducted
in the stroked seat. However, movement times were significantly shorter during the
light retention trial. This is indicative of a speed-accuracy trade-off. It is possible
that the dark retention trial conditions promoted more optimal arousal than the
light retention trial conditions. The Yerkes-Dodson law states that increased arousal

Figure 2.
Comparison of movement time during practice trials in the stroked seat, the dark retention test, and the light
retention test. Standard error is represented by error bars.
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(F (2, 30) = 3.19, p = 0.055, ƞ2p = 0.175); and front stroked port: (F (2, 29) = 1.758,
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p = 0.722, ƞ2p = 0.011), or for the interaction of these two factors (F (4,
58) = 0.580, p = 0.678, ƞ2p = 0.038).
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(F (2, 58) = 6.012, p = 0.004, ƞ2p = 0.172). Least Significance Difference (LSD) post
hoc tests revealed that accuracy during the dark retention trial (mean = 4.9) was
significantly better than during the practice trials (mean = 4.4; p = 0.006) and the
light retention trial (mean = 4.6; p = 0.033, Figure 1). There was no significant
main effect of Group (F (2, 29) = 1.168, p = 0.325, ƞ2p = 0.075) or interaction effect
of Group and phase (F (4, 58) = 0.819, p = 0.518, ƞ2p = 0.053).

3.4 Retention movement time

Mauchly’s test indicated that the assumption of sphericity has been violated for
the main effect of trial (χ 2(2) = 7.067, p = 0.029); therefore, degrees of freedom
were corrected using Huynh-Feldt estimates of sphericity (ε = 0.920). A significant
main effect of phase was found (F (1.839, 53.335) = 5.911, p = 0.006, ƞ2p = 0.169).
LSD post hoc tests indicated that participants took significantly longer during the
practice trial (mean = 44.5 s) than during the light retention trial (mean = 39.2 s;
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Comparison of accuracy scores in the stroked seat during practice trials, dark retention test, and light retention
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p = 0.001; Figure 2). No significant main effect of Group (F (2, 29) = 0.544,
p = 0.586, ƞ2p = 0.036) or an interaction of phase and condition were found
(F (3.678, 53.335) = 0.819, p = 0.625, ƞ2p = 0.042).

4. Discussion

This is the first study aimed to evaluate performance of simulated helicopter
escape sequences conducted in low light conditions. We hypothesized that in com-
parison to the Light Group, the Dark Group would demonstrate superior overall
retention. We also hypothesized that the Graduated Group would perform equiva-
lently to both the Light and Dark Groups in the respective retention tests. Results
did not support our hypotheses. Performance during practice and retention did not
differ significantly across groups, indicating that ambient lighting during practice
did not affect performance. Based on our findings, training in the light appears to be
appropriate for performance and learning of helicopter escape sequences that will
be eventually performed in the dark. Findings may inform training standards and
be relevant to other extreme environments domains, such as within the search and
rescue and cave diving, where ambient light levels may vary and may impact
performance. However, it is possible that the task was too easy and that under more
ecologically valid conditions (e.g., performing in a mockup helicopter that is being
dropped into a pool) that are accompanied with increased anxiety, results would
have been different.

Interestingly, all participants performed more accurately during the dark reten-
tion trial than during the light retention trial or during the practice trials conducted
in the stroked seat. However, movement times were significantly shorter during the
light retention trial. This is indicative of a speed-accuracy trade-off. It is possible
that the dark retention trial conditions promoted more optimal arousal than the
light retention trial conditions. The Yerkes-Dodson law states that increased arousal

Figure 2.
Comparison of movement time during practice trials in the stroked seat, the dark retention test, and the light
retention test. Standard error is represented by error bars.
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will improve performance until optimal performance is achieved, after which point
performance will decline as arousal further increases [33]. Attentional resources
may be directed towards the task as self-awareness increases with anxiety. This may
be detrimental to performance by disrupting automatic processes [34]; however, it
can also benefit learning by inducing the allocation of more cognitive resources for
task completion, which may attenuate aversive threat effects [35].

The principle of learning specificity has been primarily demonstrated in studies
where participants have extensive practice. Evidence suggests that specificity
effects are positively correlated with experience level, and thus are predominantly
seen after the sensorimotor plan for a skill has been engrained and is automated
[22, 23, 36, 37]. Participants in this study had either limited or no HUET experience.
It is possible that experts, while outperforming novices, would experience perfor-
mance decrements if escape occurred in the dark, but training had previously been
conducted in the light. Another explanation may be that helicopter escape is not
visually mediated. Lastly, it is possible that it is relatively easy to perform the set of
required actions on a dry simulator with no motion and hence the lighting condi-
tions did not affect performance.

It is important to discuss the meaning of the accuracy values. Mean accuracy
score during the dark retention test was 4.9 (out of possible 7) but is this considered
good performance? This is hard to answer directly as it is possible that on one hand,
failure to properly execute two steps may still allow for helicopter egress whereas,
on the other hand, it may prevent egress depending on what steps are involved. For
example, if one mistakenly releases his/her safety harness before pushing out the
window, the latter may not be possible. This is because once the safety harness is
released, pushing the window while submerged will only lead to the being pushed
away from the window. In other words, once the harness is released, the passenger
may not have the necessary support or leverage to push out the window. If that
happens, egress may not be possible. The passenger may need to egress through a
different window that was opened by another passenger. Doing so would likely
promote disorientation and, in the extremely high stress scenario, may not be
realistically possible. Hence, we suggest that instructors may need to decide
whether some steps in the sequence of actions are more critical than others. If so, in
the limited time available for training, it may be prudent to emphasize critical steps
and ensure accuracy and appropriate sequence of execution.

Two limitations of this study are noteworthy. First, as mentioned before, the
conditions were relatively easy and did not fully mimic an actual ditching experi-
ence. It is anticipated that the inclusion of more naturalistic conditions such as noise
and motion from the helicopter, heat stress and discomfort from the flight suits,
and, perhaps most importantly, escape while underwater would affect the ability to
learn and retain the required skills. Second, the retention period in this study was
only 30 min. A longer retention period would have been more ecologically valid as
passengers are certified in this procedure every 3–4 years, depending on the juris-
diction. Hence, it would be important to examine the ability to retain the egress
skills in a longitudinal study.

5. Conclusion

Our results suggest that the practice of helicopter escape sequences in the light
may be sufficient for performance during virtual reality simulation in the dark. It is
interesting to note, however, that the average accuracy across groups for the dark
and light retention tests were both 5 points out of a maximum of 7 points. Arguably,
any score less than 7 could have severe consequences in the real-world. Higher
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fidelity studies would help to better characterize optimal practice conditions to
further inform training standards.

Appendix: accuracy assessment

Simulated Helicopter Escape Sequence Checklist (max score = 7 points)
Call 1: Ditching

1.Performed actions to get watertight

• Took off headset

• Put on hood (positioned correctly and tucked all hair inside hood)

• Pulled up hood zipper

• Put on mask (positioned correctly and placed skit of mask below hood)

Call 2: Brace

2.Assumed brace position

• Crossed arms with fingers under shoulder harness (placed arm closest to
exit on top and hooked HUEBA hose with thumb on hand farthest from
the window)

• Placed feet flat on the floor and clear of seats

Call 3: Impact

3.Gazed out window and maintained gaze throughout subsequent steps

4.Opened window

5.Placed hand or elbow closest to exit on window corner and maintained contact
throughout subsequent steps

6.Deployed HUEBA

• Removed dust cap from regulator with appropriate hand

• Placed HUEBA in mouth

7.Released harness
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will improve performance until optimal performance is achieved, after which point
performance will decline as arousal further increases [33]. Attentional resources
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and light retention tests were both 5 points out of a maximum of 7 points. Arguably,
any score less than 7 could have severe consequences in the real-world. Higher
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fidelity studies would help to better characterize optimal practice conditions to
further inform training standards.

Appendix: accuracy assessment

Simulated Helicopter Escape Sequence Checklist (max score = 7 points)
Call 1: Ditching

1.Performed actions to get watertight

• Took off headset

• Put on hood (positioned correctly and tucked all hair inside hood)

• Pulled up hood zipper

• Put on mask (positioned correctly and placed skit of mask below hood)

Call 2: Brace

2.Assumed brace position

• Crossed arms with fingers under shoulder harness (placed arm closest to
exit on top and hooked HUEBA hose with thumb on hand farthest from
the window)

• Placed feet flat on the floor and clear of seats

Call 3: Impact

3.Gazed out window and maintained gaze throughout subsequent steps

4.Opened window

5.Placed hand or elbow closest to exit on window corner and maintained contact
throughout subsequent steps

6.Deployed HUEBA

• Removed dust cap from regulator with appropriate hand

• Placed HUEBA in mouth

7.Released harness
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Chapter 6

Scaling Accident Coping Strategies 
and Testing Coping Capability
Paul Smith

Abstract

Accidents are events that we do not want to happen. But they do. And present-
day stresses in our complex society can evolve into future accidents, and potential 
disasters. Root causes range from poor maintenance at nuclear facilities, to effects 
amplified by climate change. The traditional paradigm used to account for accidents 
is made up of three parts. The first is to assess the risk of occurrence, then to judge 
if the assessed risks are acceptable compared to society’s benefit, and ultimately to 
provide a generalised emergency service that will try to mitigate the consequential 
impact. Taking a more holistic and critical approach is to question and test if the 
preparedness, response and recovery capability is adequate. This represents a new 
paradigm for accident management, involving the need to quantitatively scale our 
accident and disaster coping strategies and capability. The scaling analysis needs to 
account for magnitude, time, rate and space.

Keywords: accident, disaster, society, risk, holistic, scaling, test, coping strategy, 
coping capability, preparedness, response, recovery

1. Introduction

The logic in this chapter began as a very rudimentary concept in the author’s 
mind, a short time after the nuclear power plant accident at Fukushima Daiichi, on 
the north east coast of Japan in March 2011 [1]. I felt that we had to fundamentally 
improve not only the measures we apply to prevent severe man-made accidents, but 
to also question how we may improve our coping capability [2–16]. The aim being to 
wisely determine if a given coping strategy and civil emergency response strategy 
was actually sound and credibly doable [17–22]. If not, then to establish a more 
systematic [23, 24] and consistent process [25–27] for modelling civil emergency 
response that would identify practical improvements when and where needed, 
specifically in terms of the emergency preparedness, response and recovery tasks; 
progressing through civil emergency, see Figure 1.

Going back some 34 years to 1975, Harold C. Cochrane at the University of 
Colorado, produced a ground breaking study in the USA, looking at ‘Natural 
Hazards and their Distributive Effects’ [11]. Cochrane’s work was also done in coop-
eration with Gilbert F. White and J. Eugene Haas [10]. More than any other, when I 
first read this work by Cochrane, it helped to formulate a more systematic and holis-
tic approach for modelling civil emergency response [16, 23]. When I was descend-
ing into New York’s JFK in 2014, I happened to have been reading Cochrane’s 
paper, as well as the studies by White and J. Eugene Haas [10, 11]. As I looked out 
of the window, I saw the absolutely enormous expanse of man-made sprawl across 
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New York’s urban region. At that split second—some might say a light-bulb moment, 
having read Cochrane’s work during my flight, then seeing the massive system of 
buildings and infrastructure, the distributive effect of a low pressure storm surge 
amplified by climate change resonated with me, see Figures 2 and 3.

For a particular dangerous hazard-shock scenario, the tasks to be carried out by 
the emergency service organisations (that is, society’s civil protection personnel 
who have a duty to protect the public) may be assimilated with the effectiveness and 
ultimate success of their preparedness, response and recovery tasks and activi-
ties. From a modelling perspective—before, during and after the hazard-shock 
scenario, see Figure 4. In summary, I have tried to outline in this chapter the basis 

Figure 1. 
Concept for temporal time history through a civil emergency.

Figure 2. 
A modern-day urban city being a dense socio-technical system.

71

Scaling Accident Coping Strategies and Testing Coping Capability
DOI: http://dx.doi.org/10.5772/intechopen.90876

for a systematic and consistent process for modelling civil emergency response. The 
framework of this process encompasses:

• A background to survival and coping with future hazard-shock scenarios;

Figure 3. 
Future global sea rise set to increase distributed scale of storms.

Figure 4. 
Simple basis of emergency coping cycle in event of hazard-shock.
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• Introducing seven types of generic hazard-shock scenarios for modelling;

• The duty for response to civil emergencies, including accidents and disasters;

• Subjective review of civil emergency coping capability;

• How to know the robustness of our socio-technical infrastructure;

• A new objective approach to quantify coping capability; and,

• The implications of climate change.

Applying this systematic process should help civil emergency duty organisations 
to verify and validate their accident and disaster coping strategies. The hierarchy of 
the process discussed in this chapter also enables a graded approach to be applied, 
from subjective qualification to a more rigorous objective quantification which uses 
a temporal coping capability analysis model.

2. Understanding the background

Accidents and disasters come in many forms. Conflicts of war, unintentional 
man-made accidents and natural disasters destroy the peace and regular stable 
order of society. Since the start of the new century at the 2000th year millen-
nium, an upsurge of international terrorism became a harbinger of fear and 
anger (that still exists today), hurting innocent people and causing mass exodus 
of refugees.

Another profound problem has evolved as a stress on society since the industrial 
revolution; the release of gaseous carbon into the atmosphere by burning fossil 
fuels has given us global warming [13]. Now the impact of global warming has 
become a stark reality, whether experienced by extremely dangerous storm winds, 
flood inundation and rapid wildfires. Global warming can exacerbate accidents 
and disasters [5, 13, 15, 18]. During and after such dangerous scenarios, we all must 
try to cope and survive. We shall have to be prepared for more extreme magnitude 
and longer period hazard-shock scenarios, amplified by climate change. The future 
aftermath consequences initiated by seemingly ‘natural’ hazards will see larger 
areas affected, more severe to extreme forces, causing many lives to be lost, subse-
quently having increased government spending and insurance claims [10, 11]. It is 
therefore important to understand the severity of the hazard-shock scenario’s time 
history and theoretically simulate what could happen and how, see Figure 1. In 
addition, we need to distinguish between the scientific basis of hazard-shock sce-
narios, compared to the practical demand placed on the civil emergency response 
duty organisation, as well as the strain taken by the response personnel and other 
volunteers on-the-ground.

When a major accident or disaster occurs, the public look to the duty emergency 
services, volunteer bodies, and government officials to take care of things. The 
presumption being that the relevant regional and national authorities will duly 
respond and cope with the dangerous situation. From a local community viewpoint, 
and those who live in the affected region, the public would normally wait until the 
emergency services arrive, telling them either to stay indoors, or to evacuate. But 
local communities may well have to cope by themselves without any additional 
help immediately forthcoming; into the future such a situation is likely to become a 
common practice with climate change.
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In Table 1 we introduce the concept for categorising the form of the hazard-
shock scenario that the civil emergency responder’s must face. In simple terms, 
seven types of generic hazard-shock scenario may be identified (Table 1):

• Regular;

• Serious;

• Overwhelming;

• Unpredictable;

• Sudden;

• Rapid; and,

• Disastrous.

In the United Kingdom a statutory Act of Parliament has been in place since 
2004 which requires Category 1 responders to attend to civil emergencies under 
the Civil Contingencies Act (CCA) [7], and its regulations [8]. It is a requirement 
under the CCA to periodically assess the risk of emergencies occurring which affect 
or may affect a regional area. Reviewing and assuring the validity of a Category 1 
responder’s risk assessment should take place as often as is necessary to ensure that 
the preparedness for incident and emergency response is reasonably sound and will 

Regular Regular exposure from severe shock scenarios that necessitate mobilisation of coping 
strategies with response, and possibly recovery plans; the effect of the shock that 
exercises some of the coping strategies, response and possible recovery capability.

Serious Serious exposure from severe to extreme shock scenarios that necessitate mobilisation 
of coping strategies with both response and recovery plans; the effect of the shock 
stressing the coping strategies, response and recovery capability.

Overwhelming Overwhelming exposure from extreme to catastrophic shock scenarios that necessitate 
mobilisation of coping strategies with both response and recovery plans, but the effect 
of the shock is overwhelming, making coping success very poor.

Unpredictable Unpredictable exposure from severe to possibly overwhelming shock scenarios that 
necessitate mobilisation of coping strategies with both response and recovery plans, the 
effect of the shock stressing the coping strategies, and may be overwhelming, making 
coping success range from probable to very poor.

Sudden Sudden exposure from shock scenarios when forewarning is not possible, 
fundamentally limiting the effectiveness of coping strategies with both response and 
recovery plans due an inability to be forewarned, prepared and to mitigate the possible 
consequences.

Rapid Rapid exposure from shock scenarios when the onset of the shock is so quick as to 
fundamentally limit the effectiveness of coping strategies with both response and 
recovery plans due an inability to have time for preparation and mitigation of the 
possible consequences.

Disastrous Disastrous exposure from shock scenarios giving catastrophic effects of mass 
destruction, loss of life and/or environmental devastation, far beyond what is possible 
to respond to or recover from, whatever coping strategies and capability may be 
available.

Table 1. 
Generic categories of societal hazard-shock scenarios.
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be essentially successful against its business continuity plans, as well as complying 
with CCA duties described in the Act and Regulations [7, 8].

It is generally accepted that responders will need to adopt a structured and 
systematic risk assessment process that guides the requirements for incident and 
emergency response. The intention being to achieve a sound and well organised 
response in the event accidents and disasters jeopardise the safety and well-being of 
the public. The risk from civil emergencies is usually assessed by standardised risk 
assessment [28], merged with long standing experience of responding to accidents 
and disasters [10, 11, 16–18, 21, 22, 29], as summarised below:

• Contextualisation. Identify stakeholders, process evaluation criteria and the 
principles to be used during the risk identification. Describe and understand 
the characteristics of the area (e.g. social, environmental, infrastructure and 
hazardous-substance sites).

• Identification of the hazards. For the range of hazard-shocks identified, to 
apply an allocation scheme for mobilisation across the Category 1 responders 
and their particular operational remit in the regional areas.

• Risk analysis. The principal responders for each hazard-shock should consider 
the risk likelihood, but also the time and spatial conditions of the hazard-
shock’s impact relative to the public at risk.

• Risk evaluation. The collective risk profile needs to be collated in terms of the 
likelihood and impact assessments for each hazard-shock, encompassing the 
range of hazard-shock scenarios that are believed to be of concern. Evaluating 
the significance of the hazard’s impact is important in terms of the necessary 
preparedness and resources that will be needed to successfully respond and 
cope with any unfolding accidents or disaster.

• Risk treatment. Responding to hazard-shocks needs to be prioritised for 
action with the necessary risk reduction measures. This also means that there 
should be an awareness of the potential limitations and gaps in responder’s 
coping capability and capacity. The awareness should be realistic and practical 
as to what can, and cannot be done.

• Monitor and review. Irrespective of the commitment and effort afforded 
to incident and emergency response plans, the analyses and modelling work 
done to direct the plans will retain some degree of theoretical simplifications 
and assumptions. Surveillance and monitoring of actual hands-on exercises 
provides insight and practical awareness that can then be used for continu-
ous improvement, adjusting for incorrect initial assumptions, together with 
limited or inadequate coping capability issues.

The basic risk assessment approach [28] amounts to a pragmatic methodology 
that mates probability and consequence of an accident or disaster to gauge the 
imperative for defensive measures. Civil contingency responders are familiar with 
this approach, while unquestionably useful for immediate decision making at the 
time of initial attendance as well. However, previously derived regional and national 
risk registers can become outdated and invalid as time goes by, and this will likely be 
a significant issue with fast rate climate change on our socio-technical system.

In addition, basic risk assessment does not readily allow for verification or 
validation of preparedness, response, recovery and coping strategy plans. In order 
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to further understand the coping demand and manning burden placed on the emer-
gency services and their response management, it is advised that a broader holistic 
approach should be considered; as introduced in this chapter. It is also important to 
account for the temporal time history of the accident/disaster scenario, encompass-
ing the period before, during and after the hazard-shock scenario has impacted the 
exposed region.

The generic risk from hazard-shocks, as well as accounting for underlying 
regional stresses and vulnerabilities, should therefore be holistically considered 
from a socio-technical system perspective and accounting for the temporal charac-
teristics of the hazard-shock scenarios, as identified in Table 1. It will be important 
to model the stress and shock incubation period, on-set and rate of impact, includ-
ing the form of the response needed and subsequent recovery from the aftermath. 
Other key factors to be considered are:

• The initiating events may be man-made, natural, or a mixed combination;

• Severe to extreme initiating events are intrinsically varied and difficult to 
exactly define;

• Apply a more holistic mindset for analysis of hazard-shocks impacting a socio-
technical system that is sensitive to long-term stresses;

• Initiating events, hazards, threats, stresses or shocks—all can progress and 
eventually escalate to dangerous risk and the necessity for attendance of the 
emergency services as first responders; and,

• To wisely discriminate between safety and security issues that can arise.

It is important to apply a wider holistic thought process that is able to 
model the time-history response that tries to mitigate the consequential risk, 
while better define the temporal progression through a hazard-shock scenario. 
Independent of the actual technical form of the hazard-shock scenario, it is 
important to characterise the type and degree of burden that will be made on the 
Category 1 and 2 responders, commensurate with the UK’s Civil Contingencies 
obligation in the UK [7, 8].

The spectrum of hazard-shock scenarios identified in Table 1 may be used 
as a generic basis for periodic review, testing, assessment and possibly in-depth 
analysis of coping capability. In addition, it should be helpful to better understand 
the future demand that is likely to be placed on the civil emergency management 
and their response manning burden. Irrespective of whether the hazard-shock 
is caused by events like earthquake, wind, flood, etc. from the emergency 
responder’s viewpoint there will generally be certain hazard-shock characteristics 
that will impose varying scales of demand on the emergency facilities and their 
manning, together with the speed of mobilisation and distances to be travelled by 
the responders. To holistically assess our society’s socio-technical vulnerability, 
accounting for impact scenarios that will risk [7, 8, 21, 22], the following key  
factors should be considered:

• Human habitation and its demographics;

• Community health and welfare;

• Social stability and resilience;



Accident Analysis and Prevention

74

be essentially successful against its business continuity plans, as well as complying 
with CCA duties described in the Act and Regulations [7, 8].

It is generally accepted that responders will need to adopt a structured and 
systematic risk assessment process that guides the requirements for incident and 
emergency response. The intention being to achieve a sound and well organised 
response in the event accidents and disasters jeopardise the safety and well-being of 
the public. The risk from civil emergencies is usually assessed by standardised risk 
assessment [28], merged with long standing experience of responding to accidents 
and disasters [10, 11, 16–18, 21, 22, 29], as summarised below:

• Contextualisation. Identify stakeholders, process evaluation criteria and the 
principles to be used during the risk identification. Describe and understand 
the characteristics of the area (e.g. social, environmental, infrastructure and 
hazardous-substance sites).

• Identification of the hazards. For the range of hazard-shocks identified, to 
apply an allocation scheme for mobilisation across the Category 1 responders 
and their particular operational remit in the regional areas.

• Risk analysis. The principal responders for each hazard-shock should consider 
the risk likelihood, but also the time and spatial conditions of the hazard-
shock’s impact relative to the public at risk.

• Risk evaluation. The collective risk profile needs to be collated in terms of the 
likelihood and impact assessments for each hazard-shock, encompassing the 
range of hazard-shock scenarios that are believed to be of concern. Evaluating 
the significance of the hazard’s impact is important in terms of the necessary 
preparedness and resources that will be needed to successfully respond and 
cope with any unfolding accidents or disaster.

• Risk treatment. Responding to hazard-shocks needs to be prioritised for 
action with the necessary risk reduction measures. This also means that there 
should be an awareness of the potential limitations and gaps in responder’s 
coping capability and capacity. The awareness should be realistic and practical 
as to what can, and cannot be done.

• Monitor and review. Irrespective of the commitment and effort afforded 
to incident and emergency response plans, the analyses and modelling work 
done to direct the plans will retain some degree of theoretical simplifications 
and assumptions. Surveillance and monitoring of actual hands-on exercises 
provides insight and practical awareness that can then be used for continu-
ous improvement, adjusting for incorrect initial assumptions, together with 
limited or inadequate coping capability issues.

The basic risk assessment approach [28] amounts to a pragmatic methodology 
that mates probability and consequence of an accident or disaster to gauge the 
imperative for defensive measures. Civil contingency responders are familiar with 
this approach, while unquestionably useful for immediate decision making at the 
time of initial attendance as well. However, previously derived regional and national 
risk registers can become outdated and invalid as time goes by, and this will likely be 
a significant issue with fast rate climate change on our socio-technical system.

In addition, basic risk assessment does not readily allow for verification or 
validation of preparedness, response, recovery and coping strategy plans. In order 

75

Scaling Accident Coping Strategies and Testing Coping Capability
DOI: http://dx.doi.org/10.5772/intechopen.90876

to further understand the coping demand and manning burden placed on the emer-
gency services and their response management, it is advised that a broader holistic 
approach should be considered; as introduced in this chapter. It is also important to 
account for the temporal time history of the accident/disaster scenario, encompass-
ing the period before, during and after the hazard-shock scenario has impacted the 
exposed region.

The generic risk from hazard-shocks, as well as accounting for underlying 
regional stresses and vulnerabilities, should therefore be holistically considered 
from a socio-technical system perspective and accounting for the temporal charac-
teristics of the hazard-shock scenarios, as identified in Table 1. It will be important 
to model the stress and shock incubation period, on-set and rate of impact, includ-
ing the form of the response needed and subsequent recovery from the aftermath. 
Other key factors to be considered are:

• The initiating events may be man-made, natural, or a mixed combination;

• Severe to extreme initiating events are intrinsically varied and difficult to 
exactly define;

• Apply a more holistic mindset for analysis of hazard-shocks impacting a socio-
technical system that is sensitive to long-term stresses;

• Initiating events, hazards, threats, stresses or shocks—all can progress and 
eventually escalate to dangerous risk and the necessity for attendance of the 
emergency services as first responders; and,

• To wisely discriminate between safety and security issues that can arise.

It is important to apply a wider holistic thought process that is able to 
model the time-history response that tries to mitigate the consequential risk, 
while better define the temporal progression through a hazard-shock scenario. 
Independent of the actual technical form of the hazard-shock scenario, it is 
important to characterise the type and degree of burden that will be made on the 
Category 1 and 2 responders, commensurate with the UK’s Civil Contingencies 
obligation in the UK [7, 8].

The spectrum of hazard-shock scenarios identified in Table 1 may be used 
as a generic basis for periodic review, testing, assessment and possibly in-depth 
analysis of coping capability. In addition, it should be helpful to better understand 
the future demand that is likely to be placed on the civil emergency management 
and their response manning burden. Irrespective of whether the hazard-shock 
is caused by events like earthquake, wind, flood, etc. from the emergency 
responder’s viewpoint there will generally be certain hazard-shock characteristics 
that will impose varying scales of demand on the emergency facilities and their 
manning, together with the speed of mobilisation and distances to be travelled by 
the responders. To holistically assess our society’s socio-technical vulnerability, 
accounting for impact scenarios that will risk [7, 8, 21, 22], the following key  
factors should be considered:

• Human habitation and its demographics;

• Community health and welfare;

• Social stability and resilience;



Accident Analysis and Prevention

76

• Protection of the environment;

• Damage, failure and inundation of infrastructure;

• Disruption and loss of critical supply chains, and,

• Loss of economic fluidity.

The engineered fabric that is intrinsic of our urban and rural infrastructure also 
has the potential to be vulnerable and trigger yet greater danger as a forcing hazard-
shock scenario gets more severe and distributed across a broader area. Emergent and 
additional dangers shall arise when the region exposed has co-located industrial, 
petro-chemical and nuclear plants. In this circumstance, what might be judged as 
just a regular or serious hazard-shock scenario, could readily escalate to a more 
onerous overwhelming and unpredictable situation, as indicated in Table 1, simply 
because of the emergence of other man-made dangers. Like what happened at 
Fukushima Daiichi in 2011 [1]. With the more onerous hazard-shock scenarios, cas-
cade and domino failures will occur, thereby increasing the scale of demand on the 
civil emergency response, as accidents occur and the expanding disaster escalates.

In the UK, another set of regulations applies to major industrial and petro-
chemical plants, being the Control of Major Accident Hazards Regulations (or 
COMAH) [6]. This regulation aims to prevent major accidents involving dangerous 
substances and limit the consequences of incidents to people and the environment. 
The COMAH regulations are overseen by the UK’s Health and Safety Executive 
(HSE) and the Environment Agency (EA) and apply to organisations or sites such 
as chemical production facilities, warehouses or distribution centres that handle or 
store large quantities of hazardous substances.

For large COMAH sites, known as top-tier sites, the regulations stipulate the 
need for Public Information Zones (or PIZs) around the facility and its site. This is 
because public communities will exist in the region of the COMAH site, whether 
by coincidental residences, or personnel and their families that depend on jobs 
working at the sites. The owner organisations that operate the facilities are obligated 
under COMAH to provide information about:

• The potentially dangerous substances and how they may affect the adjacent 
community in the event of a major accident at the facility;

• The policy and strategy for protecting the public, together with the particular 
safety measures that are established;

• How the public shall be warned and kept informed about a major incident and 
escalating accident situation; and,

• The recommended protective actions that the public and the local community 
should carry out to remain safe.

During an incident that requires the mobilisation of the emergency services 
and other civil contingency agencies, then it becomes imperative that the relevant 
COMAH owner-operators are also part of the response and recovery planning. In 
addition, the local/regional government, together with the wider residential public 
and local community volunteers must be engaged and coordinated with in order to 
successfully cope with every unfolding danger. The possible consequences for poor 
coping could be:
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• Death and serious harm;

• The need for mass evacuation;

• Damage and collapse of property and buildings;

• Chemo-toxic pollution of the environment and water courses;

• Disruption and curtailment of business and economic prosperity; and,

• Possible collateral and cascading danger to other facilities and critical infra-
structure beyond the original response zone.

Development of coping strategies with preparedness plans that form the basis 
for the coping strategy will also need to consider evolving stresses that will amplify 
a risk’s consequence, including generic stress problems like:

• Increased population density;

• Challenges to economic prosperity;

• Uncontrolled pollution and waste;

• Lessening natural resources;

• Climate change effects and amplification of consequences;

• Reduced land caused by global sea rise;

• More devastating natural storms;

• Aggravated man-made threats—criminal and terrorist;

• Human conflict and wars;

• Public unrest, fear & mistrust; and,

• Lack of government and political clarity without a will to be proactive.

3. Subjective review of civil emergency coping capability

Here we will introduce a pragmatic civil emergency response review process that 
tests if the coping strategy and preparedness plan is realistic and viable. The intent 
of this coping review process is to subjectively assess an emergency response organ-
isation’s ability to cope with a wide range of future hazard-shock scenarios, impact-
ing the socio-technical system and potentially causing a danger to life, see Figure 1. 
The range of generic societal hazard-shock scenarios advocated in this review 
process are introduced in Table 1, encompassing Regular, Serious, Overwhelming, 
Unpredictable, Sudden, Rapid and Disastrous; as introduced earlier in this chapter.

Broken out into three parts as a staged pathway, the review process is framed 
on three hierarchy levels—representing (i) generic, (ii) specific and (iii) regional 
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investigation. This subjective approach is essentially an expert qualification of the 
overall coping capability through the complete civil emergency coping cycle (as 
depicted in Figure 4). The skeletal basis of the coping capability review and assess-
ment process is provided here, setting out a benchmark template for staged discus-
sion, involving particular review of stakeholder agreements and practical readiness 
for implementation.

It is likely that emergency responders should be able to assimilate their own 
past experience and future concerns for particular hazard-shocks that should fairly 
correlate with each generic category of the hazard-shock scenarios identified in 
Table 1. The key objective here is being to better understand what the responders 
can, and cannot do realistically, then to establish improvements with supplemental 
countermeasures.

3.1 Generic coping capability review mindset and scope

• This generic coping capability review should be of benefit to national govern-
ments, national medical organisations, leaders of the civil emergency services, 
insurance and tort liability-legal groups.

• Firstly, benchmark the basis of the coping capability review for the emergency 
response organisation by accounting for the complete range of generic catego-
ries of societal hazard-shock scenarios, as identified in Table 1. Effectively to 
‘stretch’ the civil emergency coping strategy with its preparedness, response 
and recovery planning.

• The full scope of the coping capability review should investigate each category 
of societal hazard-shock scenario, one by one, starting from the ‘Regular’ (or 
normal) state, and then progressively investigating each category of societal 
hazard-shock scenarios, benchmarked with Table 1.

• Define the key review outputs needed to determine the organisation’s overall 
coping capability for each societal hazard-shock scenario category from Table 1.

• Check that the review’s resulting conclusions conform and comply with govern-
mental and legal obligations, like with the UK’s CCA and COMAH obligations 
[6–8] {while other countries will have similar civil emergency obligations}.

• Identify and include in the review process all relevant corporate and regional 
emergency response expertise.

• Identify and agree important interfaces between organisations and particular 
responder roles to participate in the coping capability review process.

• Agree other parties judged to be relevant for the benchmark hazard-shock 
scenarios who need to participate in the review process.

• Ensure the key stakeholders are engaged in the review process, while recognis-
ing direct and indirect organisations that will be part of the coping strategy 
and its preparedness (before), response(during) and recovery (after) the 
hazard-shock events.

• Formulate the benchmark hazard-shock scenarios that need to be progressed in 
the coping capability review, guided by Table 1.
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• Clearly define the hazard-shock scenario time-history predictions to be 
appraised during the review, accounting for forcing magnitude, time of 
activities, rate of impact and sensitivity, and the spatial distribution across 
the affected area.

• Capture and document the generic review results of the civil emergency cop-
ing strategy, then preparedness, response and recovery plans.

• Review and consider the effectiveness and efficiency of the civil emergency cop-
ing strategy, preparedness, response and recovery plans to an exposed region.

• Establish the temporal hazard-shock scenario time-history demand placed 
on responders, starting from initial warning alarm, response mobilisation, 
through to final stand-down, while accounting for manning fatigue, tiredness 
and even mental post-event disorders.

• Provide prior coping capability review documentation packs to all participat-
ing groups and parties.

• Carry out the coping capability review by officially documenting all inputs and 
outputs, while making sure that no security protocols are undermined or bypassed.

3.2 Specific coping capability assessment and scope

• This specific coping capability review should be of benefit to local govern-
ment, councils, police, fire service, ambulance, hospitals, critical infra-
structure owner-operators, and the principal service and supply sector 
organisations—see Figure 5.

Figure 5. 
Identifying important emergency coping capability factors.
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• Establishing the key inputs and outputs that enable the specific coping capabil-
ity assessment, and in readiness for validation of the regional response plans.

• Capture the basic holistic picture of the socio-technical components, including 
the structural and non-structural parts, including:

 ○ Physical fabric;

 ○ Buildings;

 ○ Facilities;

 ○ Infrastructure;

 ○ Networks;

 ○ Services;

 ○ Human demography;

 ○ Social structure;

 ○ Natural resources;

 ○ Economic and business-jobs; and,

 ○ Safety and security measures.

• Ensure the specific coping capability assessment process to take key account of 
impact the particular loss / emergent danger consequences, including:

 ○ Human life;

 ○ Community health and welfare;

 ○ Presence of industrial, petro-chemical and nuclear sites;

i. Accounting for their respective dangerous substances, release and 
pathways;

 ○ Chemo-toxic releases;

 ○ Public evacuation;

 ○ Safe havens;

 ○ Societal reconstruction;

 ○ Contaminated land;

 ○ Remediation actions;
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 ○ Rehabilitation practicalities;

 ○ Future sustainability (especially considering climate change and populous 
growth);

 ○ Social stability and resilience;

 ○ Protection of the environment;

 ○ Damage, failure and inundation of infrastructure;

 ○ Disruption and loss of critical supply chains; and,

 ○ Loss of economic fluidity.

• Establish specific definitions and criteria for regional socio-technical vulner-
ability, weaknesses, failure and loss parameters.

• Simplify shock/hazard/threat incident response coping capability into four 
mobilisation sectors, in order to cross-reference the fundamental organisational 
and socio-technical system, while the preliminary focus points (Figures 5 and 6) 
are advised to look at the:

 ○ Organisational coping capability;

 ○ Societal infrastructure robustness;

Figure 6. 
Using existing structural (EN) standard to assess risk vulnerability.
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 ○ Supply chain availability; and,

 ○ Civil contingency preparedness, response and recovery plans with the cop-
ing objectives.

• Progress through the temporal hazard-shock scenario timeline in terms of the 
emergency organisation’s coping capability to perform and succeed with their 
civil contingency plans and objectives.

• To tally and interrelate the four fundamental organisational and socio-technical 
provision of the infrastructure, supply chains and critical coping resources 
needed for civil contingency preparedness, response and recovery plans/coping 
strategies, see Figures 4 and 5.

• Consider goodness of the specific coping capability, set against the specific 
standards and requirements that need to be achieved.

3.3 Regional (and local) validation of the coping capability

• This regional validation is essentially designed for actual ‘hands-on’ practice 
responders themselves, providing the benefit of their particular regional 
knowledge and expertise.

• Present to regional (and local) civil emergency response management and 
the official role holders the generic and specific coping capability assessment, 
referenced through the coping cycle in terms of the preparedness, response 
and recovery plans.

• Constructively engage with regional (and local) manager(s) and role hold-
ers, accounting for their regional (and local) feedback and advice, capturing 
any omissions, concerns or errors that may exist with the generic and specific 
coping strategy.

• Identify and collate recommended improvements to the emergency coping 
strategy and planning package, while also merging the regional feedback and 
advice—thereby gaining collective endorsement throughout the organisations 
and actors, at high generic level, specific technical and with the regional/local 
practitioners.

• Compile a Coping Capability Status Report for collective vision and feedback 
commentary.

• Revise the Coping Capability Status Report into a standardised report struc-
ture, including a live lessons learned section to enable future management 
improvement.

• Distribute the Coping Capability Status Report to all participants and indirect 
stakeholders.

• Regularly monitor and ascertain variations of significance that need to be 
addressed, while establishing a regular periodic review and Coping Capability 
Status Update.
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4. Can the infrastructure stand up and functionally survive?

The scale of future hazard-shock born disasters is set to become much more 
onerous; in certain cases likely to be far beyond what our present existing fabric 
can tolerate and withstand. A region’s basic resources must be adequate, fit for 
purpose and not diminish to zero during the hazard-shock’s impact or its after-
math, otherwise the ability to cope be degraded and become ineffective. For 
example, it will be important to continue the provision of essential services and 
supplies in order to maintain the well-being and safety of the residents throughout 
the response and recovery phases, see Figures 4 and 5. Otherwise the residents 
shall have to be evacuated and relocated to a better position. However, evacuation 
may be extremely difficult to physically do, or not quick enough to accomplish 
within a safe time window, or simply impossible without clear and safe egress 
routes.

It is advised that a much more holistic approach is taken to analyse the signifi-
cance of future emerging risks that can jeopardise our societal infrastructure, ser-
vices, supplies and networks. Coping capability reviews are advised to consider the 
hazard-shock scenarios identified in Table 1. The coping capability review should 
encompass a much broader perspective of hazard-shock scenario consequences, 
including better understanding as to whether future hazard-shock scenarios cause 
cascade and domino failures of coping-critical buildings and infrastructure. In 
addition, there is a need to ascertain if safety-critical facilities and their adjacent 
emergency services can cope with ever larger scale distributed hazard-shocks 
amplified by climate change effects. The vulnerability of the socio-technical build-
ings and infrastructure needs to be better understood and recognised in the coping 
capability modelling, see Figure 6.

Different hazard-shock scenarios (as benchmarked in Table 1) will produce 
varying effects and consequences, dependent on the specific vulnerabilities that 
exist within the region’s socio-technical system. Therefore, in the event that a severe 
to extreme natural hazard impacts a vulnerable region, exposing the societal fabric 
and residents to danger, the capability and capacity to (i) tolerate, (ii) withstand, 
(iii) absorb, or alternatively, (iv) break and fail to resist the hazard-shock’s impact 
energy needs to be recognised, understood and assessed.

Let us now look for respected guidance that can help us to determine the 
robustness of our society’s fabric and infrastructure. The European Standard EN 
1991-1-7 becomes a useful guidance tool [30], see Figure 6. EN 1991-1-7 defines 
robustness as:

‘the ability of a structure to withstand events like fire, explosions, impact or the 
consequences of human error, without being damaged to an extent disproportionate to 
the original cause’.

As advocated in EN1991-1-7 [30], the basic types of ‘accident situations’ that 
buildings need to be robust against includes:

• Natural hazards;

• Fire;

• Explosion;

• Impacts;

• Rail;
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• Aircraft (with helicopter);

• Criminality;

• Terrorist threat;

• Other types of shocks and threats; as well as,

• Accounting for Inadequacies in the design and construction processes.

A wide distributed disaster together with man-made emergent dangers can put 
enormous pressure and demand on the local civil emergency responders, while 
severely stretching the effectiveness and efficiency of their coping strategy. This 
problem exists in regions exposed to very severe hazard-shocks that may also have 
industrial, petro-chemical and nuclear facilities sited there.

The accident at the Fukushima Daiichi nuclear power plant, in March 2011, 
demonstrated the need to explore scenarios in which external hazards that far 
exceed the original design basis of our as-built infrastructure. It became painfully 
apparent on the 11th March 2011 that we do not necessarily recognise or model what 
can happen beyond the design basis of our man-made infrastructure.

The fundamental problem here is that we could be ill prepared and inefficient in 
our attempt to have in place the appropriate civil emergency arrangements, while 
ultimately running the risk of not being able to effectively mitigate the conse-
quences, nor cope with the longer-term recovery from the accident’s aftermath. 
Due to the accident at Fukushima Daiichi nuclear power plant [1], the International 
Atomic Energy Agency (IAEA) decided to revise their guidance for nuclear power 
plant hazard-shock assessment. As a result of this effort, in 2017, the IAEA pub-
lished an updated methodology for the vulnerability assessment of nuclear operat-
ing facilities subject to extreme external hazard-shock events, [31].

The types of specific hazard-shocks that would usually be identified for vulner-
ability assessment of an individual operating nuclear power plant using the IAEA’s 
approach [31], are:

• Earthquake;

• High winds;

• Tornado;

• Abrasive windstorm;

• Hail;

• Lightning;

• Flood;

• Civil-ground instability;

• Extreme temperature;

• Volcanism;

• External fire;
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• Explosion;

• Aircraft crash;

• Ship/barge impact;

• Collisions;

• Electromagnetic interference;

• Chemo-toxic release; and,

• Extra-terrestrial impact.

The philosophy used in [31] is to determine the strength of the hazards that 
could compromise safety, while trying to identify points of weakness in the man-
made engineering. This methodology is intended to be used for existing nuclear 
power plants in their ‘as-is’ condition around the world, while the logic of the 
approach may readily be extended to encompass the regional infrastructure that is 
important for coping capability, see Figures 5 and 6. The IAEA guidance therefore 
provides advice to nuclear operators to search out any cliff edge effects that could 
escalate into a disaster situation as a result of extreme hazard-shocks impacting 
the nuclear facility [31]. In addition, the IAEA guidance advises on assessing the 
time frame of a nuclear power plant response once extreme events cause the more 
vulnerable items to fail. This vulnerability assessment process advocated by the 
IAEA [31] was formulated to achieve consistent and reproducible results.

Vulnerability assessment should be performed for events that are physically 
possible, even if they are thought to be of a very low probability and would have 
previously been screened out of the assessment scope. The intent here is to elimi-
nate the possibility of screening-out a hazard from the very beginning on the basis 
of a frequency of occurrence which has been obtained with a large uncertainty, or 
(unknowingly) from incomplete or outdated information.

Similar to the European Standard EN 1991-1-7 mentioned previously [30], 
the IAEA’s assessment methodology [31], allows for evolution of a harmonised 
approach to better understand what vulnerabilities exist in the man-made parts of 
our socio-technical fabric. Resulting conclusions about the vulnerability of regional 
industrial, petro-chemical and nuclear facilities that can cause a cascade of numer-
ous emergent dangers may then be investigated for sensitivity against the generic, 
specific and regional civil emergency arrangements, including the overall effective-
ness and efficiency of the coping strategy.

5. Objective approach to quantify coping capability

From this discussion it becomes a reasonable argument that we need to ascertain 
if, and how our society will be able to cope with future hazard-shock scenarios 
of the types identified in Table 1, and the increasing threat that climate change 
amplification introduces to escalate the scale of destructive mass consequence. Of 
particular importance is the need to determine if regional/local civil emergency 
services can cope with larger scale distributed hazard-shock triggered events, hav-
ing an ever increasing severity and consequence driven by climate change.

In concept there is a limiting threshold to the capability and success of civil 
emergency response; this being evident with massive wildfires across South 
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America and Australia linked with drought conditions and climate change in 2019. 
It is therefore suggested that quantifying the scale of future emergent hazard-shock 
scenarios against the available civil emergency response capability is becoming a 
crucial issue that needs to be addressed with urgency.

Let us now investigate a new way of how we can model and quantify hazard-
shock scenarios in terms of coping capability. The logic applied here is referenced 
against the overall coping capability through the complete ‘Hazard-Shock 
Emergency Coping Cycle’, see Figure 4.

An objective analysis can be pursued by applying the particular quantitative 
criteria and parameters that use relevant technical dimensions and data that is able 
to scale the hazard-shock preparedness, response and recovery burden—before, 
during and after the hazard-shock event. The deterministic parameters applied in 
this coping capability model have intentionally been formulated in order to ascer-
tain the scale of demand placed on the civil emergency response organisations as 
they carry out their response and recovery tasks. The model formulation generically 
accounts for the hazard-shock’s impact effect in terms of particular quantities that 
relate to magnitude, time, rate and space values, now using quantitative criteria and 
modelling parameters, as opposed to requiring expert qualitative peer judgement.

This objective analysis approach uses a phased temporal equation, progressing 
before, during and after any civil emergency response for a particular hazard-shock 
scenario [25–27], described in summary by a temporal series model using three 
sequential data matrices, (see Table 2):

• Before the hazard-shock event—[PrB].[HB].[EP].[ZP].[DP].[FO];

• During the hazard-shock event—[PrD].[HD].[VD].[TD].[SD].[RD];

• After the hazard-shock event—[PrA].[HA].[VA].[TA].[SA].[RA].

Two forms of criteria are included for objective modelling, encompassing both 
probabilistic and deterministic mindsets, thereby allowing for integration and cor-
relation with recognised vulnerability and risk assessment methods [28–31].

A simple summary of the model is provided in Table 2 that outlines the 
‘Emergency Coping Cycle Data Matrix with Criteria and Parameters’. An important 
point to raise is that the model is not meant to be an exactly rigid and solvable 
equation or algorithm, but has been developed to reflect an interrelated series of 
period-demarcated matrices that conceptually simulate the hazard-shock’s progres-
sive time-history (simply thought of as being before, during and after in Figure 1).

The Emergency Coping Cycle Data Matrix was simply derived by considering 
the actual temporal sequence of an extreme hazard-shock event, while investigat-
ing the impact it has on a community and the capability of the emergency response 

Mobilised action Cycle period Coping cycle matrix data 
parameters

Preparedness Before [PrB]. [HB]. [EP]. [ZP]. [DP]. [FO]

Response During [PrD]. [HD]. [VD]. [TD]. [SD]. [RD]

Recovery After [PrA]. [HA]. [VA]. [TA]. [SA]. [RA]

Qualification by experience Quantification by data matrices

Table 2. 
Emergency coping cycle modelling criteria and parameters.
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and recovery organisations to successfully cope. Using this approach, we are able 
to follow the temporal time-history of a particular hazard-shock’s impact against 
the socio-technical system. We gain insight on what loss and damage occurs, the 
dangers that the emergency services face, as well gaining insight on how well the 
emergency/disaster coping strategy and its planning performs—essentially being a 
predictive coping capability stress-test.

Tables 2–5 define how the Emergency Coping Cycle Data Matrix is quantita-
tively represented by a temporal series data matrix. It is not an exact numerical 
algorithm, nor was meant to be, yet provides a reasonably intuitive model ide-
alisation that simulates the hazard-shock temporal cycle, while employing both 
deterministic and probabilistic mindsets. This modelling approach now enables 
us to utilise powerful computing platforms that are able crunch data with relative 
ease, making analysis of structured masses of data a reality. The Emergency Coping 
Cycle Data Matrix is essentially a pre-formed structure of data blocks that enable 
us to question and even test accident and disaster coping strategies and their more 
detailed planning, underpinned by data-modelling of the type proposed here. Of 
particular significance will be the ability to perform iterative sensitivity studies 
when the criteria and parameters are varied. This also gives us the ability to opti-
mise the coping strategy for its effectiveness and efficiency, and indicating credible 
risk reduction measures throughout the coping cycle.

A natural hazard event can exert an enormous force causing destruction of the 
built infrastructure and the resident living beings. Be it the rumble of the lower 
earth we stand on, a torrent of unstoppable water, the caustic suffocation and 
incineration by volcanic pyroclastic flow, or the seemingly explosive effect caused 

Parameter Description

PrB This parameter has two states, being (i) from past records, and (ii) future prediction 
with factors like climate change amplification. State (i) is the historical frequency of 
the collective range of severe to extreme hazard-shocks that the socio-technical system 
has experienced over recorded time and with ‘smoking-gun’ evidence. State (ii) is the 
predicted future collective frequency taking account of climate change amplification 
effects. Effectively this PrB value is indicating how many times the socio-technical system/
region will be exposed to hazard-shocks when the emergency responders are mobilised per 
year, decade and century. {It is important to also realise that the value of PrB also correlates 
to how frequent the civil emergency strategies and plans shall likely be executed, then 
informing how much demand and manning burden needs to be catered for}.

HB Characterisation of the hazard-shocks in terms of technical specifiers including hazard-
shock the magnitude energy, impact time, rate of onset and spatial distribution of the 
severe to extreme hazard-shocks scenarios. {Please also refer to Table 1 that indicates the 
various ‘Generic Categories of Societal Hazard-Shock Scenarios’, thereby indicating the 
demand placed on civil emergency responders}.

EP Exposure potential of the socio-technical system in terms of location, geography, 
geomorphology, human demography, population density, medical wellbeing, economic 
worth, resilience and sustainability, etc. {effectively describes the regional community’s 
exposure potential in terms of loss consequences}.

ZP Socio-technical fabric of the region in terms of buildings, facilities, infrastructure, services, 
supplies, networks, plants and processes; accounting for the age and condition of the fabric.

DP Potential for emergent dangers to life and environment that may be triggered by hazard-
shock events, covering petro-chemical processes and storage, nuclear power plants, etc.

FO Account of whether forewarning that the hazard-shock event is to come and how much 
time is likely to be available for preparation, shelter, evacuations, etc.

Table 3. 
Emergency preparedness coping cycle parameters before Hazard-shock starts.
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by extreme velocity winds from a wide hurricane/typhoon and localised tornado. 
The energy from these kinds of natural hazard events is released suddenly and can 
be without forewarning, as in the case of slippage along a fault in the earth’s crust, 
or slowly as in the case of land subsidence.

A significant consideration is that a concentrated amount of energy is impacted 
over a short-time duration, and can be distributed over a massive surface area of 
land that includes urban and rural regions. The difference in natural hazard energy 
impact rate and its relative magnitude characterises the degree of destruction and 
overall loss that can occur. The degree of danger is dictated by the amount of energy 

Parameter Description

PrD Probability of success that the emergency response organisation shall be able to perform their 
duties for a specific character of a hazard-shock, while maintaining a flexible and adaptive 
capacity.

HD Hazards that shall be experienced by the emergency response organisation and its personnel 
during the hazard-shock event (not the hazard-shock itself); therefore needing to consider 
HAZOP review and assessment to protect personnel and enhance success for coping.

VD Recognised vulnerability of the region’s socio-technical system against the specific hazard-
shock being assessed, accounting for the (i) socio-technical fabric (ZP), and (ii) potential 
emergent dangers (DP) that can make the emergency response difficult.

TD Period of time for which the emergency response organisation shall be mobilised and required 
to continue doing their response duties for the specific character of the hazard-shock.

SD Spatial area that the emergency response organisation shall be required to operate in order to 
do their response duties for the specific character of the hazard-shock being analysed.

RD Primary and secondary resources that the emergency response organisation shall likely need 
in order to be flexible and adaptive, while also being dependent on the vulnerability of the 
region’s socio-technical system, accounting for the (i) socio-technical fabric (ZP), and (ii) 
potential emergent dangers (DP) that can make the emergency response difficult.

Table 4. 
Emergency response coping cycle parameters during hazard-shock impact.

Parameter Description

PrA Probability of success that the emergency recovery organisation shall be able to perform their 
duties after the hazard-shock has passed and in the aftermath period, while maintaining a 
flexible and adaptive capacity.

HA Hazards that shall be experienced by the emergency recovery organisation and its personnel 
after the hazard-shock has passed and in the aftermath period; therefore needing to consider 
HAZOP review and assessment to protect personnel and enhance success for coping.

VA Recognised vulnerability of the region’s socio-technical system against the specific hazard-
shock being assessed, accounting for the (i) socio-technical fabric (ZP), and (ii) potential 
emergent dangers (DP) that can make the emergency recovery difficult.

TA Period of time for which the emergency recovery organisation shall be mobilised and 
required to continue doing their recovery duties for the specific character of the hazard-
shock and its resultant aftermath across the socio-technical system/region.

SA Spatial area that the emergency recovery organisation shall be required to operate in order to 
do their recovery duties for the specific character of the hazard-shock being analysed.

RA Primary and secondary resources that the emergency recovery organisation shall likely need in 
order to be flexible and adaptive, dependent on the conditional aftermath that is likely to exist, 
while also accounting remaining dangers that can make the emergency recovery difficult.

Table 5. 
Emergency recovery coping cycle parameters after hazard-shock has passed.
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released at a particular rate and over the hazard’s duration period of exposure 
against the socio-technical system.

The relative robustness of the infrastructure’s fabric as it is exposed to the impact-
ing energy of the natural hazard determines whether buildings will survive or col-
lapse, whether man’s power networks keep people’s homes supplied, if the road, rail 
and air routes can be used to supply products, and whether food supplies can get to 
supermarkets.

Now referring to Tables 2–5, the parameters ‘HD’ and ‘TD’, during the hazard’s 
impact period was specifically developed in order to consider and account for 
the amount of hazard energy and its rate of impact. The collection of parameters 
grouped within the three phases of the hazard event scenario, (that is before, 
during and after), allow for finding characteristic relationships and trends that 
might otherwise be missed. For example, the ratio of {HD/TD} gives us a resultant 
quantitative value to indicate that hazard’s magnitude compared to the elapsed 
time period to cause damage, which may then be graphically plotted to ascertain 
the likely destructive potential and loss of life for a particular region and area of 
interest.

Looking at Figure 7 {that is respectfully reproduced from Cochrane’s work [11]}, 
and Figures 8–10, we see that Cochrane’s 1975 modelling of ‘Natural Hazards and 
their Distributive Effects’, [11], may now be correlated with the present chapter’s 
model for Emergency Coping Cycle Modelling Criteria and Parameters, Tables 2–5, 
first introduced by the author in 2016 [25–27].

The parameter ZP that is integral of the preparedness criteria, before the 
hazard-shock event occurs, see Tables 2 and 3, is meant to represent the day to day 
demographic, economic and structural state of the region’s socio-technical system; 
including recognition of the region’s specific organisational readiness provided by 
the local civil contingency groups, whether professional or voluntary, which is of 
prime importance to the region’s urban and rural resilience.

The generic breakdown of the components contained in the parameter ZP, as 
identified in Tables 2 and 3, may be defined as follows:

Figure 7. 
Early 1975 consequence study on the impact of natural hazards.
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• Organisational preparedness strategy and planning to achieve coping 
capability;

• Robustness of the buildings, communications, transport, networks and 
services;

Figure 9. 
Developmental basis of the emergency coping cycle data matrix.

Figure 8. 
Key information input data for analysis of emergency coping cycle.
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• Availability of supply chains, especially those significant to resilience;

• Immediately ready and locally accessible critical coping resources;

• Urban and rural population densities and their spatial distribution;

• Integrity of governmental agreements, leading actors, policy makers and police.

In this instance the coping success probabilities indicated in Table 2, specifically 
PrD (during the hazard-shock impact phase) and PrA (after the hazard-shock impact 
and during the aftermath recovery phase), will result in a combined low probability 
of coping success by the civil emergency services. Hence, a probabilistic mindset for 
successfully coping is applied; the probabilities of PrD and PrA quantitatively indi-
cate the likelihood of successfully performing the civil emergency coping activities 
at two periods in time:

• During the hazard-shock scenario; and,

• After the hazard-shock, with the consequential aftermath.

The similarity to hazard risk assessment [28] in terms of using the probabilistic 
mindset now becomes apparent, although the new Emergency Coping Cycle Data 
Matrix introduced in this chapter is focused on achieving coping success. The differ-
entiator here being that we are trying to model the likelihood for successfully being 
able to cope with the impacting hazard-shock scenario. This approach enables a 
more rigorous appraisal of the effectiveness for coping with civil emergencies, while 
also being able to set objective success targets for the civil contingency management 
[7, 8, 13, 15, 25–27, 29] to defend society against severe and extreme hazard-shock 
scenarios scoped in Table 1.

The region’s socio-technical system vulnerability allied with its organisational 
emergency strategy and planning is thereby being holistically tested in relation to 

Figure 10. 
Emergency coping cycle data matrix correlated with 1975 study [1].
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the necessary temporal hazard-shock coping capability. And using the theoretical 
benchmark phases from before, to during, then after the hazard-shock impact time 
history, we may then (i) qualitatively assess and (ii) quantitatively analyse the suc-
cess of being able to cope.

The means to provide better preparedness against hazard-shocks is initially 
reflected with the factor ZP, see Table 3. Hence, the more likely will the success 
of coping be when the necessary resources during (RD) and after (RA) the impact 
event are conservatively adequate and fit for purpose, see Tables 4 and 5. If a pre-
liminary coping success assessment or analysis of a region indicates that the holistic 
resilience of the socio-technical locality is poor, and that the required resources 
through the hazard-shock time history will not be available or effective, the coping 
capability shortfalls can be found and considered for improvement. This method 
should enhance coping capability and attain better risk reduction.

For ‘Regular’ shock scenarios advocated in Table 1, then the coping success 
probabilities of PrD and PrA should both be close or equal to 1. But when the shock 
is equivalent to an ‘Overwhelming’ scenario, then PrD and PrA will each be less—
potentially below 50% chance of coping success; giving an overall product of PrD 
times PrA = 0.5 × 0.5 = 0.25, or only 25% chance of coping success.

Worst of all, for a theoretical shock event that could equate to a ‘Disastrous’ 
scenario, both PrD and PrA will be very low indeed, no better than something like 
10% for each factor; thereby resulting in an overall success for coping of the order 
PrD times PrA = 0.1 × 0.1 = 0.01, or just 1% chance of coping success. [Author’s 
note—please keep in mind that these rough ‘guestimates’ are simply offered for clarifica-
tion of the logic, as opposed to precise calculation that would need to be carried out in 
practice].

Now let us consider the whole collection of factors that are introduced in Table 1 
from a deterministic perspective, encompassing the periods before, during and 
after the shock event. Starting with the factor ZP, to the coping resources during the 
shock impact factored into RD, and subsequently the resources needed to recover 
from the shock’s aftermath with the factor RA, are all key to gauging the complete 
scale of coping capability that is required for the preparedness, response and 
recovery activities.

We now realise that the actual real-world temporal relationship between the 
coping capability factors like ZP, RD and RA are quite crucial in order to better 
understand how we might gain confidence that the organisational coping strate-
gies and pre-plans are complete, suitable and sufficient. Essentially we can use this 
developmental model to test whether the emergency coping strategies and pre-
plans are sound and reasonably efficient. And this form of coping capability test 
is flexible enough to allow for both deterministic and probabilistic viewpoints, as 
presented in Tables 2–5. Also, see Figures 9 and 10 where we link with Cochrane’s 
study of 1975 [11].

It is therefore advocated that the present coping capability modelling approach 
discussed here is amenable to further fruitful development by analysts, but here 
we shall concentrate purely on the logic and method of the Emergency Coping 
Cycle Data Matrix model. If this approach were found to be useful and of benefit 
to future socio-technical design and planning, in particular related to adaptation 
in the face of climate change effects, then the logic could be framed into a fairly 
simple best practice standard, similar in concept to the assessment process advo-
cated by the subjective review of civil emergency protection earlier in Section 3. 
Such a standard ‘template’ could prove helpful in testing for consistency and 
continuity between different analysts, designers, planners and civil emergency 
services.
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6. So what about climate change?

Even though James Hansen passionately appealed to the United States Senate 
in 1988 that global warming with resultant climate change was a distinct reality, 
evidenced by a sharp rise in global temperatures as a result of human activity, very 
little practical action has taken place to slow or correct this worrying trend in the 
last three decades. Global warming is now showing its Disastrous character (see 
Table 1) amplifying floods and wildfires as evidenced all across the world in 2019.

More recently, some scientists are becoming fearful that the usual expected 
hazards including earthquakes, tsunamis and volcanoes will also become more fre-
quent with increased danger because of climate change effects. If such judgements 
turn out to be right, then it is expected that future natural hazards will become 
extremely destructive, including destruction of our built structures coinciding 
with mass fatality, to an extent our modern human society has not experienced in 
recorded times.

Our modern society uses ever greater power linked with population and indus-
trial growth. Scientist’s unofficially call this time the Anthropocene Epoch. We are 
set to have more massive and more powerful storms, greatly increased flooding, 
triggering major landslides, suffering with long droughts and spontaneous initia-
tion of huge wildfires. Climate change is questioning our very survival, while civil 
emergency response organisations will likely have to cope with more demanding 
accidents and disasters.

Integral of a review and assessment process for civil contingency planning [7, 8] 
in the modern day is the need to properly account for an escalating stress due to 
climate change amplification. The stress from climate change is increasing the mag-
nitude and frequency of natural hazard-shocks that the emergency responders will 
need to tackle, thereby implying that more regular periodic reviews shall be neces-
sary to ensure that the national and regional civil contingency strategies are practi-
cable and consistent with the range of generic societal hazard-shock scenarios.

This implies that weather born hazard-shocks which cause major impact dam-
age with high consequence losses will be more frequent. In addition, emergency 
response organisations will be prone to a ratcheted rise in demand for their services, 
while also placing an ever-greater management and manning burden on the neces-
sary scale and capacity to successfully respond. Therefore, if not appropriately 
scaled and timely to the task ahead of them, the emergency responder organisations 
will become less and less successful to perform their duty role.

Our society is now dense, complex and implicitly dependent on the structural 
fabric built up over the last few hundred years; especially in the more developed 
countries. And in many ways, a capitalist society also needs this type of tight 
interwoven society to be economically successful. The existing structural fabric 
was previously planned and evolved for basic function and efficiency, but without 
insight or account of the subsequent burden of industrialism to introduce global 
warming with deleterious climate change effects and dangers. In addition, if we 
consider the interconnected commodities trade and service networks that are used 
every day across the world to drive economic growth, it becomes apparent that our 
economy and society is potentially more vulnerable to shock-hazard scenarios that 
can cause massive-distributed consequences. Perrow recognised this problem of 
coupling and interaction of complex man-made systems allowing normal accidents 
to occur in 1984 [2].

It is therefore reasonable to judge that accidents will likely become more fre-
quent and of greater consequential significance to disrupt the economy and to 
undermine the socio-technical system as a whole, in a world undergoing climate 
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change. Our economy and wider society has an increased vulnerable to shock-
hazard scenarios than ever before, resulting from denser populous, highly complex, 
interdependent fabric, then amplified by climate change effects.

Taking a very simple perspective, climate change causing global sea rise with 
additional flooding conditions will nullify and exceed past design margins of 
previously built defences, like with sea walls and levees. Future storms amplified 
by climate change are being projected to become so extreme and cause so much 
damage and destruction that communities and the societal infrastructure that 
provides service and supplies will need to recede back inland, see Figures 2 and 3. 
Dense populous merged with complex infrastructure at coastal-facing regions shall 
become extremely difficult to protect, Figure 3, even if forewarning of bad storm 
weather allows public evacuation.

A hot spell in the UK during February 2019, followed by a heatwave, contrib-
uted to almost 100 major wildfires, being the most ever recorded within a year. 
These wildfires occurred in Yorkshire, Cornwall, Dorset, Derbyshire, Northern 
Ireland, the Peak District, Rotherham, Wiltshire, Wales and the Highlands in 
Scotland. In the Autumn and early Winter of 2019, the UK experienced severe 
flooding events.

Our urban and rural society is becoming more vulnerable because of the con-
flicting stresses of our densely inter-dependent lifestyle and increasing climate 
change effects. A key lesson from the experience of Typhoon Hagibis that spread 
its fury over Japan in October 2019 was the unexpected cascading failure of Japan’s 
seemingly modern infrastructure, services, supplies and networks. The resultant 
crisis was manifested by:

• Hospitals and medical care facilities being severely compromised;

• Petroleum and diesel fuel supply shortages;

• Inability to invoke emergency back-up power;

• Unavailability of water services;

• Transportation routes inhibited or just blocked;

• Supply chain distribution paralysis;

• Normal and even emergency communications network failure;

• Civil emergency services and volunteers being overwhelmed; and,

• Emergency services and other responders being overstretched and exhausted.

The scale of vulnerability is therefore sensitive to the dense coupling and 
interaction that is an intrinsic characteristic of our modern socio-technical society, 
first identified and questioned in 1984 by Charles Perrow [2], and having profound 
implications into the future with system failures, accidents, disasters and mass 
crises. More than 110,000 people were mobilised to perform search and rescue 
operations during and after Typhoon Hagibis. Australia is similarly experiencing a 
record heatwave with mammoth wildfire blazes in the latter part of 2019, scorch-
ing millions of hectares of land, over a thousand houses burnt down, numerous 
human fatalities, wildlife unable to survive and firefighters becoming exhausted 
without respite.
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Governments and regional authorities will have to supplement standard risk 
assessment techniques with a wider consideration of societal resilience and infra-
structure robustness. And this is becoming a tangible issue for not only lesser devel-
oped countries, but also for highly evolved countries like the UK. Protection against 
future accidents, and possible escalating disaster amplified by climate change 
effects, shall need to assess the risk, but also practically consider the adequacy of 
the emergency response coping capability, accounting for the overall temporal time 
of an accident or disaster—before, during and after. A much more efficient and 
effective civil emergency response capability is perceived to be of major imperative.

7. Why and what next?

None of us wish for accidents or disasters that evolve into crisis situations. None 
of us wish to die prematurely. None of us wish for our children, nor our children’s 
children, to suffer because of our mistakes. Day to day in our normal, and usually 
happy lives, thinking about awful things is not nice. We all like to be content and 
free from danger. And businesses want to be positive, intrinsic of a growing and 
prosperous economy. In a responsible society, we try to instill a duty of care for 
ourselves and to others. We vote for our democratic governments in order for them 
to make decisions on our behalf, the public expectation being that governments 
shall maintain our well-being, safety and security now and into the future.

We do what we believe is right for the livelihood of our families, businesses 
account for things that can go wrong to affect their profitability, and governments 
are always looking towards the horizon for things that could happen to reduce their 
country’s GDP, the signs of medical pandemics, together with unprovoked events 
like military and cyber-attack. The range of things that can go wrong are accounted 
for in a large company’s risk register, and the CEO asks of their organisation and its 
management whether adequate protection and mitigation measures are in place.

But sometimes people take stark denial approaches to particular societal 
stresses, shocks and future emergent threats or hazards. If the public had their own 
risk register, what items would be mentioned? Premature death would most likely 
be the first priority mentioned, whether caused by a road accident or cancer, hence 
the need for a medical health service. The next item on the public risk register is 
likely to be unemployment that shall threaten their personal ability to pay the house 
bills and feed the family. Then a proportion of the public are going to indicate their 
concern for being flooded out of their homes, while the occurrence of fire is likely 
to be mentioned too. Hence the need for emergency services to quickly respond and 
protect the public in developed countries.

The practical reality is that different groups of people around the world will have a 
wide spectrum of risk concerns. People perceive and judge their own vulnerability in 
diverse and sometimes perplexing ways. Into the future we face the high probability 
(towards certainty) that we shall have to cope with the planet’s usual natural hazards, 
combined with and amplified by, the increasing stress of global warming [18, 13–16].

Concerns for the earth’s biosphere under the stress of human activity is not new. 
As early as the eighteenth century, Alexander Von Humboldt identified human 
kind’s effect on the natural world [32], then George Perkins Marsh at the time of 
the American Civil War in 1863 [33] stated his concern. Other people—scientific 
researchers, public news outlets and even the youngest of our society, have consis-
tently questioned the dilemma that exists with population growth, human con-
sumption and a changing climate [10, 11, 13–16, 34].

A fundamental question facing human kind is whether our society will be able to 
cope with more onerous future stresses, shocks, hazards and threats into the future 
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that can either cause accidents, or make them worse by amplifying the accident’s 
effect and its aftermath consequences? This introduces the need to better model 
whether our existing preparedness, response and recovery plans and capability is 
in fact adequate against the hazard-shock scenarios that will impact us in the near 
future. The preparedness, response and recovery measures should therefore be 
properly modelled using quantitative criteria and parameters, specifically simulat-
ing hazard scenario’s magnitude, time, rate and spatial dimensions.

Whatever the risk register may contain, the risk assessment methodology 
used to establish the risks does not indicate whether the emergency services with 
their duty responders will be able to do what is required, and whether they shall 
ultimately cope with the unravelling crisis. In essence, this chapter puts forward 
a means to objectively assess society’s capability to cope when faced with major 
hazard-shock scenarios in the context of an uncertain and potentially more danger-
ous future. The basic premise applied here then is to ascertain the ability to cope 
throughout the period of the emergency scenario.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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