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Abstract: Recent studies have shown that a large portion of flood-associated fatalities are related to the
use of vehicles. However, there is limited research on the role of infrastructure and geo-environmental
conditions surrounding such incidents. This work exploits a dataset of 40 fatal vehicle-related events
caused by flooding in Greece to explore the circumstances, the characteristics of infrastructure and
of the surrounding environment and their possible influence in the studied incidents. The results
showed that the majority of cases occurred in road segments and river crossings with a variety
of design deficiencies related to safety and protection from flooding, including poor signage and
lighting as well as the absence of road closures, road barriers and other crucial safety features. In high
percentages incidents occurred in isolated/remote sites in rural areas, relatively narrow roads and low
quality infrastructure (e.g., ford crossings) with a lack of easy alternate routes and absence of other
individuals. In the vast majority of cases, the accidents occurred in small arid catchments drained by
ephemeral torrents when experiencing extreme flows. The findings have practical implications as
they provide a better understanding of dangerous circumstances and define the high-risk segments
of the road, which is helpful in prioritizing and shaping appropriate interventions.

Keywords: flood fatalities; mortality; flash floods; infrastructure; road safety; extreme weather

1. Introduction

Floods are one of the most catastrophic and lethal natural hazards [1], causing numer-
ous fatalities on a yearly basis. Despite the significant improvements in flood mitigation
measures and technologies [2–5], floods continue to pose a significant threat to human
life. Recent disasters have shown that flood events can be very deadly even in areas of the
world with sophisticated flood prevention policies and high quality infrastructure [6–9].

Around the world, a large portion of flood mortality is associated with the use of
motor vehicles and accidents that occur as people drive through flooded waterways. In
fact, a high percentage of these types of deaths in comparison to the total is recorded in
the United States [10,11], in Australia [12,13] as well as in Europe [14–16]. In some cases,
there is even evidence of a rise in vehicle-related flood fatalities [17], indicating that they
are becoming a gradually more important part of the overall mortality.

Previous works examined different aspects of vehicle-related fatal incidents, including
human behavior and possible interventions [18–21], activity and demographics of the
victims [22,23], vehicle characteristics [21] driving under influence [24], different environ-
mental settings [25], vehicle stability issues [26], time of the day [27] and environmental
cues [28]. In addition, a part of the literature has explored the risks of extreme weather
by examining the susceptibility of road segments/links [29–32] or assessed commuter
exposure to the elements [33,34] as well as changes and perceptions of travel routes [35].

Although, previous works highlighted the importance of infrastructure, there is limited
research on the particular infrastructure or elements of it that contribute or are associated
with flood deaths [36]. In Greece, vehicle-related fatalities accounted for over 30% of the
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total flood fatalities in the period 1960–2010, presenting a rising trend [17], indicating that
the problem will be a more persistent issue in the following decades.

This work exploits a dataset of 40 fatal flood incidents in the country associated
with the use of motor vehicles aiming to provide a better understanding on the role of
infrastructure, circumstances and surroundings on flood mortality and explore possible
practical implications. To this end, the present study examines certain elements of the
infrastructure used by the victims, as well as characteristics of the surrounding environment
and of the situation at the time of these 40 fatal incidents collected by various sources.

2. Materials and Methods

The present study exploits a flood fatality database developed for Greece for the period
1960–2010 by Diakakis and Deligiannakis [16] and extended and enriched to 2020 [25].
Each entry of the database denotes a separate fatality case, containing different variables to
describe the conditions, the circumstances, the surroundings and the characteristics of the
victims.

In the present study, 40 outdoor vehicle-related incidents that led to fatalities were
selected out of this dataset, based on the availability of data, and examined in relation to
their surroundings and the characteristics of the infrastructure involved (Figure 1). Existing
variables of the database were used; however, two new modules (modules 2 and 3 in
Figure 1) describing the incident and characteristics of infrastructure were added.

Water 2022, 14, x FOR PEER REVIEW 3 of 15 
 

 

limit markers (i.e., road delimitation poles), road side barriers (guardrails), concrete curbs, 
sewerage and guttering. In addition, it contains information on the road segment, its func-
tion (e.g., rural road or motorway) and its geometry, including its width, possible high 
inclination or curvature around the location and the type of infrastructure used by the 
vehicle occupants involved in the incident (e.g., bridge, ford crossing etc.). Typical exam-
ples of different types of infrastructure at locations where individuals lost their lives are 
presented in Figure 2. 

 
Figure 1. Structure of the database in three modules and the elements included. 

Table 1. Sources of flood fatality information (1960–2020), with details of the type of information 
provided by each source. 

Source Data Form and Details 

Greek Fire Service Incident bulletin, incident reports, sketches and press releases that contained an account of 
the incidents, diagrams and images of the locations 

Hellenic Police 
Incident reports that contained detailed account of the incidents, imagery, sketches, location 
information, the timeline of the events, eyewitnesses accounts as well as details on the vic-

tims and the survivors. 

Scientific publications General descriptive incident accounts of the incidents with details on the conditions under 
which the incidents occurred 

Articles in the press 
More than 250 articles in 12 national newspapers and numerous videos from internet and 
TV news outlets Detailed accounts of the incidents, containing location information, visual 

material, sometimes accompanied by eyewitness accounts 

Field survey Collection of images from field survey of the locations and infrastructure where the inci-
dents occurred 

Google Street View [38] Collection of street-level images of the locations and infrastructure where the incidents oc-
curred 

Figure 1. Structure of the database in three modules and the elements included.

The dataset was enriched by collecting information through field surveys and imagery
provided in accident reports and press articles illustrating the attributes of the infrastructure
involved and associated elements (i.e., signage, road closures and lighting installations) that
have been related to road user safety in flood-related incidents in previous works [21,24,26,37].
In addition, the details of the circumstances and the surrounding environment were examined.



Water 2022, 14, 746 3 of 15

The database was founded on various sources of information displayed in Table 1 and
explained in detail in Diakakis and Deligiannakis [16].

Table 1. Sources of flood fatality information (1960–2020), with details of the type of information
provided by each source.

Source Data Form and Details

Greek Fire Service Incident bulletin, incident reports, sketches and press releases that contained an account of
the incidents, diagrams and images of the locations

Hellenic Police
Incident reports that contained detailed account of the incidents, imagery, sketches, location

information, the timeline of the events, eyewitnesses accounts as well as details on the
victims and the survivors.

Scientific publications General descriptive incident accounts of the incidents with details on the conditions under
which the incidents occurred

Articles in the press
More than 250 articles in 12 national newspapers and numerous videos from internet and

TV news outlets Detailed accounts of the incidents, containing location information, visual
material, sometimes accompanied by eyewitness accounts

Field survey Collection of images from field survey of the locations and infrastructure where the
incidents occurred

Google Street View [38] Collection of street-level images of the locations and infrastructure where the incidents
occurred

Module 2 contains information on the vehicle type, presence of road closure due to the
flood, the presence of other cars or bystanders, reported problems in the communication
of vehicle occupants (e.g., no signal reception), presence of structural damage caused by
the flood to the infrastructure (e.g., partial collapse), obstructions, such as vegetation to
the drivers’ field of view, the lighting conditions and the length of any alternate routes.
This last parameter was calculated for the cases for which there was information on the
destination of the victims and the conditions of other routes.

In these cases, Google Maps was used to calculate the shortest safe alternative route.
Module 2 contains also information on the length of the inundated roadway for each
incident. This variable designates the length of the road surface that was under water,
measured along the main axis of the road that the victims used at the time of the incident.
Due to a lack of accuracy in estimations, the lengths were grouped into three categories,
namely: (a) <20 m, (b) 20–100 m and (c) >100 m.

These categories were created to explore how far from their vehicle was the end of the
inundated area as a proxy indicator of whether the drivers could appreciate the conditions
ahead. For this parameter, we assumed that the shorter the length of the inundated area,
the easier it would be for the drivers to assess the capabilities of themselves and of their
vehicle to travel across floodwaters. With respect to road closures, both automatic and
manually-placed barriers and road blocks were considered.

Module 3 contains information on the presence of a set of elements on the actual
infrastructure at the location of the fatal incidents, including flood warning signs, lighting
installations, other warning signs, signs regulating driving (e.g., speed limit signs), road-
limit markers (i.e., road delimitation poles), road side barriers (guardrails), concrete curbs,
sewerage and guttering. In addition, it contains information on the road segment, its
function (e.g., rural road or motorway) and its geometry, including its width, possible
high inclination or curvature around the location and the type of infrastructure used by
the vehicle occupants involved in the incident (e.g., bridge, ford crossing etc.). Typical
examples of different types of infrastructure at locations where individuals lost their lives
are presented in Figure 2.
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bridge. The dashed lines and the arrows denote the approximate maximum extent of the inundated 
area during the event under study and the direction of flow, respectively. All the locations shown 
were included in the present study. 
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3.1. Victim Details and Environmental Surroundings 
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caused by flooding across Greece in the period 1960–2021 (Figure 3). The victims died in 
40 incidents with an average age of 48.4 years old with more than half of the victims over 
50 years old (24% in the 50–59 age group and 28% in the 60 to 69 age group). The majority 
of these individuals (36 out of 52) were drivers of the vehicles, whereas the rest were pas-
sengers (16 out of 52). In 27 out of the 40 incidents, the victims were the only vehicle oc-
cupants, whereas in 13 cases, there was more than one person in the vehicles.  

In 33 cases, there were no survivors, while in seven incidents, individuals (nine in 
total) managed to escape. Out of these seven incidents, only in one was the person who 

Figure 2. Typical examples of infrastructure in locations where people lost their lives, including (a) an
unimproved ford crossing, (b) an improved but unvented ford crossing, (c) an asphalt road beside a
river channel, (d) a low water bridge, (e) a single-span bride and (f) a collapsed multi-span bridge.
The dashed lines and the arrows denote the approximate maximum extent of the inundated area
during the event under study and the direction of flow, respectively. All the locations shown were
included in the present study.

3. Results
3.1. Victim Details and Environmental Surroundings

Overall, this study identified 52 vehicle-related deaths (35 males and 17 females),
caused by flooding across Greece in the period 1960–2021 (Figure 3). The victims died
in 40 incidents with an average age of 48.4 years old with more than half of the victims
over 50 years old (24% in the 50–59 age group and 28% in the 60 to 69 age group). The
majority of these individuals (36 out of 52) were drivers of the vehicles, whereas the rest
were passengers (16 out of 52). In 27 out of the 40 incidents, the victims were the only
vehicle occupants, whereas in 13 cases, there was more than one person in the vehicles.
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Figure 3. Map of the locations of the studied fatal incidents across Greece.

In 33 cases, there were no survivors, while in seven incidents, individuals (nine in
total) managed to escape. Out of these seven incidents, only in one was the person who
survived the passenger; whereas, in the rest (6), the drivers were the ones who managed
to escape. With regard to the size of catchments we found that the upstream area of the
catchments at the location where the victims were killed ranged from 1.3 to 658.8 km2

with an average of 62.2 km2 and a median of 15.9 km2. Overall, the incidents occurred in
fairly small catchments, as 26 out of 40 catchments (or 65%) were less than 30 km2 in area,
indicating a rapid onset of floodwaters.

Only four (10%) of the flooded watercourses examined had permanent flow through-
out the year whereas 34 (85%) were ephemeral or seasonal (2% or 5%). With regard to
catchment morphology, the upstream areas presented diverse values of average inclination
ranging from 4% to 39.7%, with an average of 16.7%. Most of these catchments are char-
acterized by fairly high slopes, as 30 out of 40 record an average inclination of over 10%,
while 15 out of 40 record an average value of more than 20%, making them (together with
their small size) liable to flash floods.

Thirty-two (32) out of 40 cases (or 80.0%) occurred in rural or suburban areas, whereas
8 (or 20.0%) occurred within urban areas.
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3.2. Conditions

With regard to the vehicles involved in the incidents, out of the 40 cases, 27 (or 67.5%)
involved passenger cars and SUVs (5%) (Figure 4), while other vehicle types appeared
in smaller percentages. Larger vehicles (i.e., trucks) recorded a percentage of 25% which
indicates a slight overrepresentation, as this type averages a percentage of 21.18% in the
period 2000–2020 in the country [39].
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As far as the driver’s field of vision is concerned, the timing of the event, the extent of
the flooded area and the presence of obstacles obscuring part of the crossing were examined.
We found that 25 out of 40 incidents (or 62.5%) occurred at night, whereas 14 out of 40
(or 35.0%) were in daylight. For one incident, it was not possible to determine the light
conditions. In terms of the roadway length covered with water, in 36 cases where it was
possible to obtain an estimation, 17 (or 50%) were less than 20 m. In nine cases (26.5%),
the length was between 20 and 100 m, and in 8 cases (23.5%), it was over 100 m. In nine
cases (22.5%), vegetation or other obstacles obscured part of the flooded roadway possibly
partially concealing important cues from the surrounding environment and the conditions
from the driver as they were approaching towards the location of the incident.

With regard to structural damages inflicted by the flood on the infrastructure used
by the victims at the time of the incident, we found that only in three cases (or 7.5%), the
suffered damage changed its condition drastically (e.g., subsidence and collapse), while in
the rest of the cases, there was no change in the geometry or material of the road surface.

In 12 out of 40 cases, communication through mobile phone problems (e.g., signal
reception) were reported by the authorities or eyewitnesses, stating that victims tried to
call the emergency services and failed. In the rest of the cases, there was no informa-
tion regarding communication problems or reported communication with relatives or
authorities.

With regard to the presence of other drivers or bystanders, we found that, in 24 out
of 40 cases (or 60%) there were no other individuals at the scene, while in 14 cases (35%),
there was at least one other person. In two of the cases (or 5%), this information was not
reported. Furthermore, in 30 out of 40 cases (75%), there were no other vehicles in the same
flooded road segment.

With respect to possible deviations, we calculated that in seven cases (17.5%), the
vehicle could take an alternate route with an additional distance of less than 1 km. In
12 cases (30%), this additional distance would be 1 to 10 km, whereas in 10 cases (25%), it
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was more than 10 km. In two cases, there was no other way for the vehicle occupants to
reach their destination, while in nine cases, this information was not available.

3.3. Signage and Installations

From the analysis of the studied cases, it is shown that, in terms of signage and lighting,
the vast majority of locations were not well equipped (Figure 5). In over 94% of the cases,
there was no permanent road sign indicating the danger of flooding in the specific segment
of the road nor any other sign calling attention to the driver for some form of danger ahead.
In over 92% of the cases, there was no temporary road blockage/closure of any kind, while
in 75.8% of the incidents, there was no other informational sign (e.g., speed limit sign)
either.
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In 92.1% of the cases, there were no signs to indicate the limits of the road, while
lighting installations were present only in 16.7% of the locations were fatal incidents
occurred. All signs recorded were passive, while no active signs, lights or electronic
messages were identified in any of the cases.

Continuing to road other installations, we found that in the majority of cases there was
no sewerage system installed (89.5%) nor surface drainage/guttering (62.2%). In addition,
very few cases (15.8%) had roadside barriers or even a concrete curb (21.1%) protecting the
vehicles from sliding sideward along with floodwaters (Figure 6).
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3.4. Road Characteristics

With regard to the road function, we found that the majority of roads cases was on
secondary/local roads (50%), followed by regional roads (25%), arterial/primary roads
(15%) and rural roads (10%) (Figure 7).

With respect to the type of river-crossing infrastructure used by the vehicle occupants,
we found that the higher percentage of incidents occurred in asphalt roads near or next to a
watercourse (42.5%), followed by single span bridges (25%), various ford crossings (22.5%)
and other types (Figure 7).

With regard to specific road characteristics, the majority of cases concerned paved
road segments, a noteworthy percentage of which had some curvature (43.2%) and some
positive or negative inclination (33.3%) immediately before or at the exact incident’s location
(Figure 8).
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Further, we found that incidents occurred in various road widths, ranging from 3.4 to
14.5 m, with an average value of 7.57 m, with 24 out of 40 cases (or 60.0%) being under 8 m
and 32 out of 40 (or 80%) being under 10 m in width. These width figures when examined
in comparison to the respective vehicle type and length, they indicated a difficulty in
reversing the direction of the vehicle (U-turn) to avoid the flooded roadway. In detail, we
assumed that mid-sized passenger cars and SUVs had an average length of 5 m, whereas
pickup trucks, tractors and larger trucks had lengths of 7, 8 and >10 m respectively.

Based on this assumption, we estimated that to facilitate a U-turn, the road surface
should have a width of at least 8 m for a passenger car or an SUV, 10 m for a pickup truck
or a tractor and over 18 m for a larger truck of over 10 m in length. Based on these criteria,
we considered fairly easy for drivers in the incidents under study to reverse the direction
of travel only in 10 out of 38 cases, while for 28 cases (73.7%), we assessed that it would not
be easy (Figure 8). For two cases, the road width was not determined, and thus it was not
possible to estimate the ease of U-turn.
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4. Discussion

This work studies the conditions of the surrounding environment and the infrastruc-
ture characteristics of locations, where flood-related fatal incidents occurred in Greece in
an effort to improve our knowledge on their influence in these tragic accidents. The work
focuses on 40 incidents for which detailed data and descriptions are available.

The results showed several deficiencies in terms of warning signs, road closures and
lighting installations in the locations where the fatal incidents occurred, indicating that
the victims did not have adequate warning(s) for the threat in their path, except possibly
from the environmental cues (i.e., the inundated road surface). The very high percentage of
temporary road closures can be attributed apart from other causes to the short timeframe
in which flash floods manifest, which can be challenging for authorities to act, especially in
remote areas.

The same pattern appears with respect to structural characteristics of the infrastructure,
which could benefit the safety of users. In the majority of cases concrete curbs, sewerage,
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support the conclusions of previous works [24], which identified this absence as a factor of
risk. Furthermore, the broader geometry of the road could have also influence the incidents
with high inclination, curvature [40] as well as a difficulty in turning around due to the
narrow width, which did not help drivers change their course in many instances.

In the majority of cases the road segment in which the incidents occurred were paved
with asphalt either situated beside the river within the floodplain or crossing the river
through a ford or a bridge. This result supports previous findings in the field [41], highlight-
ing the risky nature of ford crossings and road segments situated next to the watercourse.

With respect to alternate route choices, it should be noted that the majority of incidents
occurred in isolated roads, where the driver did not have an easy deviation to follow, even
assuming that they knew the area. In only seven cases, the additional route of the shortest
deviation calculated was under 1 km of distance and in only 11 within a mile, a distance,
which Coles [42] acknowledged as within the drivers’ stated detour tolerance. At least in
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50% of incidents (for which there is information on the destination of the victims), this was
not the case, as the occupants had to travel more than a mile (10 of them more than 10 km)
to reach their destination and in two cases there was no alternate route.

Overall, it can be concluded that, in a large percentage of cases, the drivers had poor
choices when it came to alternate routes, even assuming that they knew the area. This
finding is possibly connected with the abundance of vehicle-related flood deaths in rural
areas, acknowledged by previous works [25,42]. Coles [42] suggests that when available
alternate routes add a significant burden of travel time or distance to the planned itinerary,
this can be a factor for deciding to drive into floodwaters.

The same theme indicating a remoteness or isolation of the incident location is reflected
also in communication problems reported at least in a relatively high percentage of cases
(30%) given that Greece has a very high coverage in terms of cellphone network. The lack
of bystanders or other cars in the majority of cases (60%) supports also the aforementioned
concept. Given the influence exerted by the actions of other individuals in the behavior of
the persons under study [21], the absence of other people in the majority of cases could
have played multiple roles, including the lack of a helping hand, a lack of warning from
another person or an effect of his/her actions in relation to the flood threat.

Collectively, these findings support the conclusions of Vinet [43] and Diakakis et al. [25]
who suggested that indoor flood fatalities are more abundant in urban areas, whereas
vehicle-related fatalities showed a much lower percentage inside the urban fabric despite
the abundance of vehicles. Easy alternative routes, higher quality infrastructure, stronger
environmental cues and others may contribute to this pattern based on the findings of the
present study.

Taking into account the number of cases that occurred at night (62.5%), the incidents
where the inundated area was more than 20 m in length (50%) and the cases in which there
was some obstruction (e.g., vegetation) in the driver’s field of vision, it is possible that
visibility conditions had an influence in the studied accidents, in terms of hampering the
appreciation of circumstances. It is possible that, for a number of cases, the driver could not
see the end of the water surface and could not assess the difficulty of crossing the inundated
area under these conditions.

The slight overrepresentation of larger vehicles could be attributed to a different per-
ception of the drivers regarding their capabilities in crossing water (evidence of which was
presented by Coles and Hirschboeck [21]). Another explanation could be a difficulty of larger
vehicles in changing courses. For example, at least one motorist that survived the flood of
Mandra 2017 in Greece, stated that it was impossible to make a U-turn with his truck due to the
narrow width of the road despite their intention (described by Diakakis et al. [25]—personal
communication). However, further research is considered important using a more extensive
sample to confirm the statistical significance of this pattern.

Larger roads (e.g., motorways) with large scale crossings (e.g., multi-span bridges) did
not record a significant number of flood-related fatal incidents. On the contrary, secondary,
rural roads, outside the urban environment with ford crossings (improved or not), with a
variety of design flaws or deficiencies were the most typical type of location where these
incidents occur. The results support previous findings connecting the road characteristics
and condition to extreme weather-related incidents [32].

With respect to geo-environmental surroundings, the incidents tend to occur mostly
in dry areas with ephemeral flow and in small, high-inclination liable-to-flash-flood catch-
ments. This lack of permanent flow, together with the remoteness of the sites could be
related to the absence of more sophisticated infrastructure.

Overall, collectively, the findings show that fatal vehicle-related flood incidents tend to
occur in small roads and remote or isolated sites with neglected or inadequately designed
infrastructure (i.e., river crossings), with deficiencies that tend to downgrade safety for
vehicle occupants. Deficiencies were found both in signage and in the geometrical attributes
of the road, and the lack of easy alternate routes, bystanders and active warnings is
noteworthy.
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These conclusions lead to certain practical implications deriving from the examined
sample. Primarily, this is a strong indication that the actual characteristics of the infrastruc-
ture involved have an influence in creating the high-risk situations in which individuals
may lose their lives or get injured. Secondly, this indicates that improving certain aspects
of the existing infrastructure or building new infrastructure has the potential to lower the
level of risk in certain locations. The improved understanding of risk-prone road segments
highlighted in the present study allows prioritization when it comes to risk reduction
efforts, especially infrastructure amendment plans.

Interventions on improving infrastructure at high-risk locations are an important step
towards increasing road safety from flood threats. However, such interventions should be
prioritized especially when there are design deficiencies, no easy alternative routes and low
quality river crossings (e.g., fords). Although for practical and economic reasons it is not
feasible to develop large scale infrastructure everywhere, an important added value lies in
setting priorities with respect to improving the safety of road segments against flood risks.

Primarily, the use of warning signs could help vehicle occupants to translate the
environmental cues of a real threat and personalize the risk to themselves—an intervention
that has the potential to affect their behavior and choices [44]. Although this is considered
a positive step [21], it is expected to be more effective if the signs are active, including
color coding, lights and electronic messaging [45]. Automatic barriers for road closures are
also recommended over manually-placed road blocks to deal with the challenge of short
timeframe within which authorities have to act.

With regard to water drainage design, it has to be noted that flood flows often exceed,
by a significant amount, the capacity of road dewatering culverts. However, a properly
designed drainage has the potential to improve the conditions on the road surface (e.g.,
reduce inundation depth) and, therefore, is recommended. To this end, establishing and
following related construction standards, in all parts of the road (especially the high-risk
segments) is also recommended.

Furthermore, it is considered important that apart from negating the access to the
drivers, to provide an alternate solution to complete their route. The knowledge of alternate
itineraries can be a factor that convinces vehicle occupants to switch routes [42] and it is
important to note that normally this information is not included in warning signs [20].

Considering the evidence presenting in previous works, indicating that drivers can
ignore and bypass such measures [45], simply negating the access to drivers may not
be enough. Information on alternative routes has the potential to be useful addition in
these locations [20,21]. Moreover, given the importance of environmental cues on drivers’
perception [28], it is important to highlight them through special depth markers, active
sings and color coding, to facilitate drivers fully appreciate the floodwaters characteristics.

In addition, it is important to educate and train drivers in identifying these high-risk
locations and situations using cues from the environmental surroundings highlighted in
special training programs. Training through simulating real situations has the potential
to help drivers mentally retrieve the desired behavior, when they face a real dangerous
situation [26,46,47]. Awareness campaigns similar to “Turn around don’t drown” could
include elements of identifying a high-risk infrastructure.

With respect to limitations it has to be noted that this study used a limited sample due
to data availability, encompassing different locations and terrain. However, it would be
beneficial for the continuation of this research to extend the examined incidents outside the
borders of Greece for two reasons. First, it would be interesting to examine similar cases
outside the Mediterranean region where flash floods are most common type of hazard to
assemble a larger data pool of vehicle-related flood incidents. Accidents occurring in flood
and extreme weather-related situations in larger basins hit by slower-onset riverine floods
could have different characteristics and would be interesting to explore.

Cross-border comparisons between different driver training programs, different traffic
and road safety rules and different risk mitigation initiatives or policies would also benefit
the understanding of mortality factors. In addition, diverse infrastructure typology would
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be also a useful addition in this line of research, as it would benefit generalization of
the findings. Moreover, assemblage of data from more incidents, as well as data from
non-fatal ones may allow future research to proceed further from descriptive statistics into
examination of statistical associations between infrastructure characteristics and risk that
are currently not feasible.

Furthermore, it has to be noted that additional factors unrelated to infrastructure, such
as the drivers’ training, behavior and travel preparation may have affected the outcome of
their contact with floodwaters. In particular, behaviors such as checking weather informa-
tion or preparing alternate routes could be very influential in the cases studied. Although
such data were not analyzed in the present study, it would be useful to incorporate them in
future research. Furthermore, an additional limitation concerns the fact that floodwater
physical attributes, including depth and velocity, were not analyzed in this study despite
their importance in vehicle stability due to the lack of data.

5. Conclusions

Vehicle-related fatalities during floods and extreme weather were recorded in the
recent decades around the globe and are considered a persistent and likely rising problem.
Even though there are numerous studies on flood fatalities, there is very limited research
on how the immediate surroundings, the infrastructure used by the vehicles occupants or
elements of it contribute or are associated with dangerous situations.

In the present work, we studied 40 incidents of vehicle-related flood deaths to provide
a better understanding on the typology of the infrastructure involved in such incidents and
its most common characteristics. The assembled data constitute an additional piece of the
global pool of knowledge on the subject, which presently remains limited. The findings
show that in the majority of cases of fatal incidents occur in rural areas and in small, narrow,
paved roads with low circulation. The road segments in question are crossing watercourses
or situated near ephemeral streams draining small high-inclination catchments liable to
flash floods.

Most of the sites are remote or isolated with no easy alternative routes, a lack of
bystanders and other cars as well as difficulties in executing U-turn maneuvers. The vehicle
occupants in the majority of cases use infrastructure with design deficiencies, including
poor signage and lighting, poor design in terms of drainage, roadside barriers, road-limit
and depth markers and others. In terms of geometry, high percentages of high inclination,
curvature and narrow width were identified as well.

Overall, the findings presented in this study highlight the profile of risk-prone seg-
ments of the road network in areas subject to flash flooding, allowing prioritization of
interventions to improve safety, including technical amendments, road closures and driver
training initiatives. Interventions based on the present findings should focus on low-quality
infrastructure, remote areas with no easy alternate routes and those with a lack of good
signage.
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