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Abstract

Flooding can destabilize vehicles which might, in turn, exacerbate the negative

effects of floods when vehicles are swept away by flows, and lead to economic

loss and fatalities. In order to suitably manage floods, it is necessary to deter-

mine the risk of instability to which vehicles in flood-prone areas are subject.

This paper develops a methodology to estimate this risk based on the charac-

teristics of floods and the vehicle fleet located in potential flood-prone areas.

This risk is determined by the statistical integral of the instability hazard and

vehicles' vulnerability. The instability hazard was established by a stability

function of partially submerged cars and flood frequency, while vulnerability

was calculated by combining the susceptibility and exposure of cars. Our meth-

odology was applied in the towns of Alfafar and Massanassa (Spain). It found

that the annualized instability risk due to flooding could be relatively high on

most streets and roads, with values reaching the order of 8.4 at-risk vehicles

per hectare/year.
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1 | INTRODUCTION

Floods are considered a natural phenomenon with a
major impact on human activities compared to other nat-
ural threats (CEOS, 2003; CRED, 2017). The main dam-
age caused by floods include loss of human life and
economic loss, most of which are related to vehicles'
security and them not being able to drive around flooded
areas.

When rivers overflow, transport systems can be badly
affected because traffic is interrupted given the risk for
those vehicles driving around or parked on floodplains
(Teo et al., 2012). As vehicles are shifted by flow, they
can act as debris that can increase the negative impacts
of flooding by impacting existing infrastructure and

blocking hydraulic works (Pregnolato et al., 2017; Teo
et al., 2012). In August 2010, flooding took place in the
Spanish town of �Aguilas and dragged 15 cars, of which
seven ended up in the sea, and eight hit walls and palm
trees (Castej�on & Romero, 2014). In April 2013, the
flooding caused by rainfall, which reached 398 mm in
just a few hours in the city of La Plata (Argentina), killed
more 60 people, and flooded and dragged many vehicles
(C�aneva, 2014). In May 2018 in Barranquilla (Colombia),
the torrents of water brought by a precipitation episode
exceeding 80 mm swept away more than 40 cars
(El Tiempo, 2008).

During flood events, most casualties are caused by
vehicles when drivers attempt to drive along flooded
roads (Fitzgerald et al., 2010). In the United States, 45.4%
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of the people who died during flooding had been inside
vehicles (Jonkman & Kelman, 2005). Every year in Texas
(USA), an average of 15 drivers drown when they drive
their vehicles on flooded underground roads or through
tunnels (Maples & Tiefenbacher, 2009). Between 2008
and 2018 in Spain, 125 cars were swept away during flood
events and, as a result, 45 people died and 155 more were
injured (Enríquez de Salamanca, 2020). Between 2001 and
2017 in Australia, 96 people lost their lives in 74 vehicle-
related incidents during flooding (Ahmed et al., 2020).

Additionally, flooding of roads affects vehicles used
by emergency services, such as ambulances and fire-
fighters. The response times of these services can signifi-
cantly be prolonged due to vehicles' inability to drive
safely through flooded areas, which aggravates the nega-
tive impacts of floods (Arrighi et al., 2019; Coles
et al., 2017; Green et al., 2017; Johnson & Yu, 2020).

Apart from fatalities, damaged infrastructure and
interrupted traffic, and rescuing people trapped in their
vehicles in flooded areas, demand costly investments in
money and time terms. Moreover, as a result of climate
change and growing urban development, such threats are
expected to continue in the future (Xia et al., 2011). So
for land management to be adequate, it is necessary to
identify safe areas and the risk to which different vehicle
types are exposed during floods.

Most published studies about vehicle instability risk
have focused on determining the hazard or vulnerability
of roads due to floods using the characteristics of basins
and road networks. Some include the method of flood
hazard maps proposed by Kalantari et al. (2014). This
method allows the probability of flood hazards to be cal-
culated by a multiple factor analysis, which considers
topography, land use, soil texture, and roadway density.
Michielsen et al. (2016) presented a methodology for
identifying vulnerability caused by the flooding of a
transport network based on the analysis of basin charac-
teristics using statistical methods. Versini et al. (2010)
reported a method to evaluate the susceptibility of roads
being flooded using geographic information and statisti-
cal analysis methods based on general discriminant anal-
ysis principles.

Of the few studies that have attempted to really assess
the flooding risk, we find the method set forward by Yin
et al. (2016) to establish the risk of flash-floods on an
urban roadway network. In this methodology, risk is
determined through the integral of the multiplication of
flood occurrence probabilities and their corresponding
consequences, established with the combination of
flooded road length and the time during which roads
remain flooded. Pregnolato et al. (2017) developed a
method to determine the impact of flooding on a trans-
port network by means of a function that relates flood

depth to interrupted traffic. This study establishes the
interruption risk by means of the integral of the result of
each rain event probability, multiplied by the expected
interruption of traffic.

The present research presents a new methodology
that determines the vehicle instability risk in urban areas
as a result of overflowing rivers with a formal statistical
basis to allow the number of at-risk vehicles per year to
be established. Bearing this objective in mind, the mecha-
nisms that cause a submerged vehicle to lose its stability
are initially described. It then goes on to describe the
methodology followed by indicating the process to be
followed to calculate hazard, vulnerability, and the vehi-
cle instability risk. It also presents how this methodology
is implemented to determine the vehicle instability risk
in the flood-prone areas of the towns of Massanassa and
Alfafar, which lie south of Valencia (Spain) and very
close to the Spanish Mediterranean coastline. Finally, it
indicates the main conclusions drawn from developing
the presented methodology and its corresponding
implementation.

2 | VEHICLE STABILITY IN
FLOODED AREAS

2.1 | Loss of vehicle stability

On a partially submerged vehicle, the forces of floating
FB, lift FL, own weight W, drag FD, and friction FR act
(Arrighi et al., 2015; Martínez-Gomariz et al., 2017;
Milanesi & Pilotti, 2019; Oshikawa and Komatsu, 2014;
Toda et al., 2013). The action of all these forces gives way
to three hydrodynamic mechanisms to come into play,
which can destabilize a vehicle: floating, sliding, and top-
pling. Stability loss due to floating occurs when forces
floating FB and lift FL exceed the vehicle's weight (W)
(Shand et al., 2011). This destabilization mainly takes
place when flow presents great water depths and slow
velocities. As engines in today's vehicles sit at the front of
vehicles, initially the rear vehicle part mostly floats. Then
the vehicle spins and is supported on its front wheels,
and is mobilized by flow in most cases.

Vehicle destabilization caused by sliding takes place
when drag force FD, generated by flow, exceeds friction
force FR, which depends on the friction coefficient
between the vehicle's tire rims and the wet surface
(Smith et al., 2019). An interaction takes place between
the floating and sliding mechanisms because both forces
lift FL and floating FB that lower normal force FN which,
in turn, lowers friction force FR.

Destabilization owing to the vehicle toppling may
take place when vehicles have already been swept away
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or floated before finding irregular ground (Shand
et al., 2011). This mechanism has been poorly studied
to date.

2.2 | Determining vehicle
instability index

To calculate vehicle instability conditions, a criterion
needs to be defined to establish when the depth and
velocity of flows corresponding to different return period
floods generate vehicle instability, which also depends on
the characteristics of each vehicle type.

To date, very few studies have attempted to determine
vehicle stability during floods, and some date back to the
1960s, 1970s, and 1990s. However, their results are no
longer valid because vehicle characteristics have changed
with time (Su�arez et al., 2005; Teo et al., 2012). Some
models have been recently developed to determine vehi-
cle stability during floods and are based on the vehicle-
flow interaction analysis (e.g., Austroads, 2008; Teo
et al., 2012). A compilation and analysis of the presently
available methodologies are presented by Bocanegra
et al. (2020).

The present study selected the stability model devel-
oped by Arrighi, Castelli, and Oumeraci (2016) and
Arrighi, Huybrechts, et al. (2016), because it is considered
one of the most robust methodologies of those proposed
in scientific literature (Bocanegra et al., 2020) for these
reasons: (i) the equations that it contemplates have a
solid theoretical basis; (ii) it considers the Froude num-
ber, which is a very important and widely used parameter
in many formulations; (iii) it allows vehicles' watertight-
ness and nonwatertightness conditions to be taken into
account; (iv) it enables stability to be determined for any
vehicle type.

From the balance of horizontal forces that acts on
type i car located on a plane at a slope of zero, and based
on the diagram provided in Figure 1, Arrighi, Castelli,
and Oumeraci (2016) and Arrighi, Huybrechts,
et al. (2016)) defined the following mobility parame-
ter θvi:

θvi ¼
2L

Hv�hcð Þ�
l

l�CosβþL� sinβ �
ρc � Hv�hcð Þ
ρ� H�hcð Þ �1

� �
,

ð1Þ

where ρc is the car's mean density, ρ is water density, hc
is the distance between the chassis and the ground, H is
the undisturbed water depth, β is the angle of flow inci-
dence, and Hv, L, and l are car height, car length, and car
width, respectively.

Mobility parameter θvi is defined for the water levels
reaching the chassis and is made up of three factors: the
first factor 2 L/(Hv � hc) bears in mind the car's shape;
the second considers the angle of flow incidence; the
third factor takes into account the submerged weight in
relation to the car.

Mobility parameter θvi was calculated by Arrighi, Cas-
telli, and Oumeraci (2016) and Arrighi, Huybrechts,
et al. (2016) with the experimental data reported by Shu
et al. (2011) and Xia et al. (2011, 2014), which included
measures taken in seven car models on scales 1:14, 1:18,
and 1:43. The obtained results allowed critical mobility
parameter θvcr to be obtained, which can be established
by the equation below,

θvcr ¼ 8:2Fr2�14:1Frþ5:4, ð2Þ

where Fr is the Froude number, which requires data only
about water depth H and velocity U. This means that a
vehicle instability index, Si, can be defined as the relation
between critical mobility parameter θvcr (defined in Equa-
tion (2)) and mobility parameter θvi for this vehicle
(defined by Equation (1)),

Si ¼ θvcr
θVi

: ð3Þ

The interesting point about this index is that different
vehicle stability or instability situations can be found
depending on the value they take: if Si ≥ 1, then the vehi-
cle will destabilize due to sliding; if Si < 0, the vehicle will
float; if 0 ≤ Si < 1, the vehicle will remain stable. Also, it
should be noted that the higher the Froude number, the
more dangerous the flow is for vehicles because lower
water depth values are required to destabilize them.

3 | METHODOLOGY TO ESTIMATE
THE VEHICLE INSTABILITY RISK
USING FORMAL STATISTICS

In general, risk is determined by integrating hazard and
vulnerability, and established by combining exposure

FIGURE 1 Geometry of the car used to determine mobility

parameter θv. Source: Arrighi, Castelli, and Oumeraci (2016) and

Arrighi, Huybrechts, et al. (2016)
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and susceptibility. In the specific case of the vehicle insta-
bility risk from flooding, the hazard corresponds to the
probability of the vehicle being dragged or it floating,
exposure is established by the types and density of vehi-
cles at a given point of the territory located in flood-prone
areas, and susceptibility is determined by the capacity or
incapacity of the vehicle remaining stable. Susceptibility
is expressed with a damage function, which in this case
takes a value of 0 when the vehicle remains stable and
1 when the vehicle loses its stability.

Generally speaking, risk corresponds to the expected
annual damage. In this methodology, instability risk, R,
at a specific point is defined as the mean number of vehi-
cles that would destabilize annually per unit area. In line
with Hashimoto et al. (1982), this risk can be calculated
at a given point on the territory by employing the follow-
ing statistical integral that was adapted to this problem:

R¼
ð1

0
V sið ÞdFsi ¼

ð∞

0
V sið Þ f si sið Þdsi, ð4Þ

where V(Si) is vulnerability, calculated by combining the
damage function and exposure to an event of magnitude
Si, which was defined in previous subsection; FSi is the

cumulative distribution function of Si; and fSi is its proba-
bility density function. The following subsections
describe the procedure that must be set up to calculate
the risk and all its components.

3.1 | Vehicle instability hazard

To calculate the vehicle instability hazard, information is
required about the flooding hazard (which can be defined
as the combination of its magnitude and its frequency of
occurrence), along with vehicles' physical characteristics.
Flood magnitude is usually established with maximum
flow water depth and its corresponding velocity. A simi-
lar graph to that in Figure 2(a) can be obtained when
graphically representing the occurrence of each flood
event against its magnitude at a point of the floodplain.

The flood hazard is normally represented on maps
with its maximum water depth h and its corresponding
velocity u for different return periods. With the informa-
tion depicted on these maps, instability index Si is calcu-
lated for every vehicle i at each point of the territory
using Equation (3). When graphically representing the
magnitude of each flood event against its corresponding
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Si, a similar graph to that shown in Figure 2(b) is
obtained. Finally, the graphical representation of the
exceedance probability of all flood events against their
corresponding Si provides a similar figure to that seen in
Figure 2(c), which depicts the vehicle instability hazard
at a given point of the floodplain. In other words, the
vehicle instability hazard can also be represented on
vehicle instability index Si maps for each return period as
the flood magnitude.

3.2 | Vulnerability

Vulnerability represents the characteristics of a system
that describes its damage potential (Samuels et al., 2009;
UNISDR, 2009), which is calculated by combining expo-
sure and susceptibility. Exposure for one vehicle type i is
calculated by multiplying vehicle spatial density d at a
point of interest by the proportion gi of this type of vehi-
cle in the vehicles fleet in the study area. In order to cal-
culate the flood susceptibility of one vehicle of type i at a
given point, damage function D(Si) must be established
using vehicle instability index Si. The objective of this
paper is the vehicle instability risk. For this reason, when
vehicle is unstable (i.e., when vehicle instability index Si
takes negative values or values equaling or exceeding 1),
the damage function takes a value of 1, which means that
100% damage has taken place. When the vehicle remains
stable (i.e., when the instability index takes positive
values below 1), the damage function takes a value of
0, which means that the vehicle is not damaged
(Bocanegra and Francés, 2021). In mathematical terms,
this damage function is defined as follows:

D Sið Þ¼
(

0 if 0≤ Si <1 stable vehicleð Þ
1 otherwise unstable vehicleð Þ : ð5Þ

Finally, the vulnerability V(Si) of type i vehicles at a
given point of interest is calculated by this equation:

V sið Þ¼ d gi D sið Þ: ð6Þ

3.3 | Vehicle instability risk

The instability risk is determined by Equation (4). When
substituting Equation (6) in Equation (4), and bearing in
mind the different vehicle types, the following expression
is obtained:

R¼
XK

i¼1
d gi

ð1

0
D sið ÞdFSi ¼

XK

i¼1
d gi

ð∞

0
D sið Þf Si sð Þds,

ð7Þ

where K corresponds to the number of vehicle types by
means of which the whole fleet is represented.

Figure 3 presents a diagram of the procedure that
must be followed to calculate the instability risk of a
vehicle type i at a point on the territory. Panel
(a) corresponds to the instability hazard, which is calcu-
lated as described in Figure 2. Panel (b) presents the
damage function, as calculated in Equation (5). When
the instability hazard is combined with damage function
D(Si), each probability of a flood event happening takes a
certain damage function value. When graphically rep-
resenting the probability of each flood event against the
corresponding damage function values, a similar graph to
that found in panel (c) is obtained, and the instability risk
for a vehicle type i at a point on the territory corresponds
to the area under this curve.

As previously mentioned, vehicle instability hazard is
represented on vehicle instability index Si maps and each
Si has a corresponding damage function D(Si) value.
Accordingly, the value of this function between two flood
events with return periods Tj and Tj�1, respectively, is
obtained by defining a new function known as D(Si,j),
which is calculated by averaging the damage function D
(Si) values corresponding to the two superior and inferior
events in terms of T. By bearing this in mind, the follow-
ing expression is obtained when discretely solving
Equation (7):

R¼
XK

i¼1
d gi

XN

j¼Tmin
�D si,j
� � 1

Tj�1
� 1
Tj

� �
, ð8Þ

where j corresponds to the flood hazard map for return
period Tj and Tmin corresponds to the lowest
return period from which flooding commenced.

The Tmin concept is introduced into Equation (8). As
the flood events with a relatively low return period have
a much stronger effect on the final risk values than the
less frequent events, determining the value of return
period Tmin is particularly important because any mis-
takes or inaccuracies in this value might involve over- or
underestimating the risk. The impact of Tmin on the risk
values is illustrated in the sensitivity analysis of the case
study in the next section (section 4.7).

4 | CASE STUDY

In order to verify the procedure's applicability to a real
case, to analyze the validity of the obtained results and to
determine their sensitivity to Tmin, the developed meth-
odology was implemented to establish the vehicle insta-
bility risk in the Spanish towns of Massanassa and
Alfafar, which are located in the floodplain of Rambla
del Poyo.
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4.1 | Description of the study area

Rambla del Poyo is an intermittent watercourse located
in the province of Valencia (east Spain). It flows into the
Albufera coastal lagoon, and its basin covers 430 km2

(Figure 4). The climate is classified as semiarid Mediter-
ranean, with mean annual rainfall of 450–500 mm,
intense autumn and spring rainfall, and low winter and
summer rainfall values. The basin's slope ranges between
values over 16% in the high part and below 2% in the low
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part. The configuration of the network of riverbeds favors
the rapid concentration of flows upstream, followed by
retarded flows in the main watercourse. Rambla del Poyo
is characterized by flash floods with very marked
hydrogram peaks and short baseline times (Salazar
et al., 2012).

Areas affected by flooding are mainly located in low
parts of the basin where less pronounced slopes predomi-
nate. They include the towns of Massanassa and Alfafar.
Land use is residential in these towns. Shops and services
occupy ground floors, especially in the blocks close to
their town squares.

4.2 | Characterization and exposure of
the vehicles in the study area

The proportion of vehicles by their type in the study
area was established with the data published in 2018 by
the Spanish Association of Manufacturers of Automobiles
and Trucks (ANFAC, 2018):

1. Smaller cars, with 26% of the total. This vehicle type
was represented by the car model Seat Ibiza.

2. Compact vehicles, with 32% of the total. This vehicle
type was represented by the car model Seat Le�on.

3. Small SUVs, with 15% of the total. This vehicle type
was represented by the car model Peugeot 2008.

4. Medium-sized SUVs and larger vehicles, with 27% of
the total. This vehicle type was represented by the car
model Volkswagen Tiguan.

Table 1 presents the main characteristics of these
vehicles. According to Francés et al. (2008), and by con-
sidering both parked vehicles and moving traffic, the
vehicle spatial density in the study area is 0.005446 vehi-
cles/m2 in urban non built-up areas, and 0.0313 vehicles/
m2 of the street in urban built-up areas. The higher

vehicle density in streets is explained by the high number
of parked cars in streets.

4.3 | Vehicle stability thresholds

First, the vehicles' stability thresholds of the four vehicle
types representing the vehicle fleet were determined.
With the physical characteristics of these vehicles, and by
employing Equations (1)–(3), the velocity from which
every vehicle would lose its stability was calculated for
each water depth. The obtained results are shown in
Figure 5. The part of the graph over the threshold of each
vehicle corresponds to the unstable zone; that is, the area
where vehicles would destabilize. The part of the graph
below the threshold corresponds to the stable zone; that
is, the area where vehicles would remain stable.

The analysis of this graph indicated that the thresh-
olds of the bigger vehicles exceeded those of the smaller
vehicles; that is, for a given water depth, bigger-sized cars
would remain stable at faster velocities than at the veloci-
ties guaranteeing smaller cars' stability. As expected, this
meant that larger vehicles would be more stable during
flooding.

At fast flow velocities, the water depths at which vehi-
cles would destabilize displayed asymptotic behavior and
came close to the clear distance value between the chassis
and the ground. For slow velocities, the water depths that
brought about vehicle destabilization tended to move
closer to the values at which the vehicle would float
under conditions when water was still.

4.4 | Vulnerability

As previously indicated, the two vulnerability compo-
nents were represented by exposure and susceptibility.
Exposure was determined by the proportion of each

TABLE 1 Characteristics of the vehicles in the study area

Characteristic

Type of vehicle i

Smaller cars
Seat Ibiza

Compact vehicles
Seat Le�on

Small SUVs
Peugeot 2008

Medium-sized SUVs and larger
vehicles Volksw. Tiguan

Length (m) 3.68 4.18 4.16 4.43

Width (m) 1.61 1.74 1.74 1.81

Height (m) 1.42 1.44 1.56 1.67

Clear distance from ground (m) 0.12 0.12 0.17 0.18

Density (kg/m3) 108.00 125.86 104.41 115.26

Proportion gi (%) 26 32 15 27
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vehicle type in fleet gi (Table 1), and by vehicle density d,
which took different values for urbanized areas that had
and had not been built-up (see section 4.2). With these
density values, the total number of vehicles driving
around and/or parked in the flooded areas for the flood
swell with a 500-year period equaled 18.205.

Susceptibility was established with the damage
function, which was calculated using the vehicle insta-
bility index Si values (see section 3.2). For a better spa-
tial representation, and to facilitate their
interpretation, on the hazard maps obtained for each
studied vehicle type, these vehicle instability indices
were divided into the following ranges according to sta-
bility: (a) range 1: indices below zero corresponding to
the sectors in which vehicles would lose stability due to
floating; (b) range 2: indices between 0.0 and 0.5
denoting that vehicles would probably remain stable;
(c) range 3: indices between 0.5 and <1.0 meaning that
vehicles would probably remain stable, but would be
about to destabilize owing to the sliding phenomenon;
(d) range 4: indices between 1.0 and 1.5 corresponding
to the sectors in which vehicles would destabilize
owing to the sliding phenomenon; (e) range 5: indices
>1.5 representing those sectors in which vehicles
would greatly destabilize owing to the sliding
phenomenon.

According to Equation (5), damage function D(Si)
takes a value of 1 when the hazard index has negative
values (range 1), and equals or exceeds 1 (ranges 4 and
5). The damage function value equals 0 (ranges 2 and 3)
in all the other cases.

Finally, the vulnerability for vehicles type i at a point
on the territory was calculated by multiplying the propor-
tion of a vehicle type in the fleet, gi, by vehicle spatial
density, d, and by the damage function value, D(Si), as
set out in Equation (6).

4.5 | Vehicle instability hazard

The collected flood hazard data were provided by the
Confederaci�on Hidrogr�afica del Júcar (Júcar Hydro-
graphic Confederation (CHJ), 2011), which employed the
model Infoworks 2D to calculate the levels and velocities
of flow in the flooded area. The flood hazard maps
corresponding to those floods with return periods of
10, 25, 50, 100, and 500 years were available. The floods
with return periods of 10 and 25 years did not affect the
study area. This was why a Tmin value equaling 37.5 years
was defined, which corresponds to the average between
the highest return period with available data for which
the study area is not flooded (25 years), and the lowest
return period with available data for which the study area
is flooded (50 years).

Figure 6 presents the maximum water depth maps
and their corresponding flow velocities for the flooding
with the 100-year return period. It can be highlighted
that for some sectors of the study area, the flow depths
for this event exceeded 4.0 m (Figure 6(a)) and velocities
went over 3.0 m/s (Figure 6(b)).

The vehicle instability hazard was calculated by
Equation (3) and the procedure is graphically represented
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in Figure 2. As the vehicles representing the vehicles fleet
presented different characteristics, a hazard map can be
calculated for each vehicle type and all the analyzed
floods. In order to determine vehicle instability index Si,
it was assumed that cars were completely watertight and
lay perpendicularly to the flow, which usually represents
the most unfavorable condition because the cross-
sectional area exposed to the flow and, consequently, the
hydrodynamic force applied to vehicles are maximized
(Smith et al., 2017).

By way of example, Figure 7 presents the hazard
maps of vehicle instability obtained for Seat Ibiza (repre-
sents smaller vehicles) by considering floods with return

periods of 50 and 500 years. In most flooded areas, the
vehicle instability index values were below 0.5 and nega-
tive values predominated. A similar behavior was noted
on the other instability hazard maps created for the other
vehicle types and return periods.

The analysis done with the results for all the vehicles
and return periods indicated that the Rambla del Poyo
floods with return periods over 50 years would pose a
major hazard for all the vehicles, because even bigger
vehicles would lose their stability in most flooded areas
(Si < 0 or Si ≥ 1). With medium-sized SUVs and larger
vehicles, represented by Volkswagen Tiguan, both water
depths and flow velocities would destabilize these vehicle

FIGURE 6 Flood hazard: maximum water depths and their corresponding flow velocities in the study area due to the la Rambla del

Poyo flooding with a 100-year return period. Source: Confederaci�on Hidrogr�afica del Júcar (2011)

FIGURE 7 Hazard maps of

vehicle instability in the study

area for floods with return

periods of 50 and 500 years for

Seat Ibiza
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types in 66% of the flooded areas due to flooding with a
50-year return period. This percentage would rise to 74%
if the behavior of smaller cars (represented by Seat Ibiza)
was evaluated during the same event. When considering
a flood with a 500-year return period, the percentages of
areas in which vehicles would destabilize would rise to
76% for medium-sized SUVs, and up to 80% for smaller
vehicles.

As a result of the high flow depth values shown in
most of the flooded zones in the study area, loss of stabil-
ity of all the studied vehicle types would be mostly attrib-
uted to the floating phenomenon (Si < 0), while the
sliding phenomenon would have less impact (Si ≥ 1). For
instance with smaller vehicles, as the corresponding
floods would present a 500-year return period (Figure 7
(b)), the floating phenomenon would cause vehicle desta-
bilization in 79% of the flooded areas, whereas the sliding
phenomenon would do so in only 1% of these areas. Simi-
lar behavior to this was observed for the remaining
return periods and other vehicle types.

The high percentage of the areas in which vehicles
would lose their stability due to the floating phenomenon
is associated with the areas in which high flow depths
occur (see Figure 6(a) for 100-year return period). This
situation is very dangerous for people because, apart from
the risk of vehicle instability, their stability can be com-
promised when leaving the vehicle, which also makes
rescue activities difficult for the institutions in charge
of them.

It is worth pointing out that in percentage terms, the
flooded areas that were safe for vehicles lowered as
flooding frequency reduced and flooding magnitude rose.
For example with smaller vehicles (Seat Ibiza), for
flooding with a 50-year return period, 104 hectares
(ha) would be flooded and cars would remain stable in
28% of them. However for the flooding with the
100-return period, 174 ha would be flooded and vehicles
would remain stable in only 26% of them. For the
flooding with a 500-year return period, 193 ha would be
flooded and vehicle stability would remain in only 20%.

FIGURE 8 Risk map of

instability for each vehicle type

studied in the study area

without considering their

proportion in the vehicle fleet
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As expected, and in accordance with Figure 5, given
their bigger size and the greater clearence between their
chassis and the ground, medium-sized SUVs (the biggest
vehicle type herein included) would be the safest,
because they would remain stable in larger-sized flooded
areas than the other vehicle types. But not everywhere.
Which is true is that the size of the flooded areas in
which vehicles would conserve their stability would pro-
gressively reduce with vehicle size until their lowest area
for smaller vehicles.

4.6 | Vehicle instability risk

The instability risk for each vehicle type was calculated
by Equation 8 and the procedure depicted in Figure 3.
The instability risk maps obtained for each employed
vehicle type are shown in Figure 8 without considering
their proportion in the vehicle fleet. The analysis of
these maps indicated that as vehicle size increased, the
areas with a higher instability risk (streets) diminished
and, consequently, the low-risk areas increased. This
result was expected because, as indicated in section 4.5,
the bigger the car size, the greater its stability during
floods.

Figure 9 shows the aggregated risk map of instability,
which was obtained by summing the risk maps of each
vehicle type, multiplied by their proportion in the vehicle
fleet. It is noteworthy that in streets, where vehicle den-
sity exceeded the density of all the other urban areas by
almost 6-fold, the instability risk obtained the highest
values (of the order of 8.4 cars/ha/year). These relatively
high-risk areas corresponded to about 8% of the whole
flooded area. Otherwise, in an area that roughly equaled

60% of the flooded area, the risk for vehicles was rela-
tively low, with values below 1.4 cars/ha/year.

Table 2 shows the annual number of cars at risk of
being dragged by the flood flow according to two hypoth-
eses: (i) the vehicle fleet was represented by a single vehi-
cle type (column 2); (ii) the vehicle fleet was represented
by all four vehicle types indicated in section 4.2 (column
3). When the data in column 2 were analyzed, once again
it was concluded that bigger vehicles (i.e. medium-sized
SUVs) were the most stable vehicle type during flooding
as they posed fewer at-risk vehicles for instability. The
smaller vehicles (Seat Ibiza) were the least stable cars by
presenting the most at-risk number of vehicles.

By analyzing the data in column 3, it was concluded
that compact vehicles (i.e., Seat Le�on) posed the highest

FIGURE 9 Map of the

instability risk for vehicles in

the study area

TABLE 2 Mean annual number of at-risk vehicles for

instability in the whole study area in line with the two fleet

hypotheses: only one type and with the present proportion

Vehicle type

Mean annual number of at-risk
vehicles

Representation of the fleet

A single
vehicle
type

The four vehicle
types and their
proportions

Smaller vehicles 276.5 71.9

Compact vehicles 269.7 86.3

Small SUVs 252.7 37.9

Medium-sized SUVs
and larger vehicles

244.1 65.9

Total – 262.0
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risk, which corresponded to roughly one third of all the
at-risk vehicles. This was because, despite not being
the most unstable cars, they had the highest proportion
in the vehicle fleet. Smaller (least stable) vehicles pres-
ented a slightly lower risk than compact vehicles as their
proportion in the vehicle fleet was also lower. The vehi-
cles with the lowest instability risk in the study area cor-
responded to small SUVs because they were one of the
most stable vehicle types with the lowest proportion in
the vehicle fleet compared to the other studied vehicle
types. For this reason, this vehicle type only represented
about 15% of all the at-risk vehicles.

4.7 | Sensitivity analysis to Tmin

Bearing in mind the uncertainty for the return period
value from which the study area started being flooded
(known in this methodology as Tmin), the sensitivity of
the vehicle instability risk to the values of this variable
should be determined. According to available flood maps,
as the 25-year return period flood envelope does not
reach the study area, unlike the 50-year return period
flood which does, the potential Tmin values adopted were
30, 35, 40, and 45 years, plus 37.5 years, which was the
value employed to implement the methodology.

Figure 10 offers the results for this relatively simple
sensitivity analysis. The conclusion drawn from studying
this graph was that a linear relation appeared between
the exceedance probability of the event corresponding to
Tmin, which equals 1/Tmin, and the number of at-risk
vehicles; the higher the probability of the event

considered to be Tmin occurring, the more the at-risk
vehicles. Furthermore, Tmin significantly influenced vehi-
cles' instability risk values. In relation to the value taken
for the methodology implementation, the number of at-
risk vehicles dropped by approximately 12% when taking
a 45-year Tmin value, and rose by about 17% when
a 30-year Tmin value was taken.

5 | CONCLUSIONS

This paper developed a methodology that allows the esti-
mation of vehicle instability risk during flooding, while
being driven or parked at a given point on the territory.
This methodology estimates the annualized mean num-
ber of at-risk cars by classifying these by vehicle type and
being representative of the vehicle fleet in any given area.

Efforts were made to develop a rigorous methodology
from the statistical point of view, but at the same time
one that is relatively simple to implement. To determine
the vehicle instability risk, it is only necessary to have the
maximum water depths and flow velocities of floods for
some return periods, as well as the basic characteristics
of the vehicles in this area. The instability hazard is
determined according to a stability function of partially
submerged vehicles. Vehicles' vulnerability is established
by combining exposure and susceptibility: exposure is
calculated by multiplying vehicle density by each vehi-
cle's proportion in the fleet; susceptibility is determined
with the damage function, which takes values of
0 (unharmed vehicles) and 1 (100% vehicle damage)
depending on whether the vehicle is stable or not.
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FIGURE 10 Number of cars at risk of instability in the study area when considering different Tmin values
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Finally, the risk at each point is obtained by adopting a
numerical approximation of the statistical integral of the
instability hazard and vehicles' vulnerability.

The number of vehicles at flood risk can be sensitive
to the return period corresponding to the event in which
the area of interest starts to flood, which is known as
Tmin in this methodology. A more precise estimate of this
return period would allow obtaining more real values for
at-risk vehicles. Also, the representation of the vehicle
fleet in the flood-prone area significantly influences the
overall value of the vehicles at risk for instability. There-
fore, any mistaken or inaccurate selection of the vehicles
that represent the vehicle fleet may distort the results.

One of the hypothesis in this research considers con-
stant vehicle densities over time during flood events for
both parked and moving vehicles. However, the traffic is
dynamic and drivers can avoid areas that are flooding.
Accordingly, the present methodology can be improved
by considering the effect that the traffic variations may
have on the vehicle spatial density during the flood
event.

Applying the methodology to the selected case study
allowed us to observe that the Rambla del Poyo floods
with return periods of 50 years or longer are a major haz-
ard for the vehicles located in the study area because they
would destabilize in most of the flooded area. The most
damaging effect would result from the vehicle floating
phenomenon owing to the vertical ascending pushing
caused by flows from overflowing rivers, which would
present relatively high water depth values. Loss of vehicle
stability owing to the sliding phenomenon would occur
in relatively small areas.

The vehicle instability risk due to flood events in the
towns of Massanassa and Alfafar is relatively high in
their streets, with an estimated value of about 8.4 des-
tabilized cars per ha/year. Larger vehicles (medium-sized
SUVs) would be the most stable vehicle type, while
smallest vehicles, represented by smaller vehicles type,
would be the least stable. Nonetheless, given the actual
fleet proportions in this case study, the vehicle type at
highest risk is compact cars, whereas the vehicle type
at lowest risk is small SUVs.

The developed methodology provides a detailed spa-
tial vision of the vehicle instability risk due to flooding in
a given area. The resulting maps allow to accurately
locating not only the areas of higher risk for vehicles (for
both each vehicle type and for the entire existing vehicle
fleet), but also the safe ones. Consequently,
implementing this methodology can help to reduce nega-
tive effects before and during flooding events, which is
extremely helpful for those organizations in charge of
urban planning and civil protection to design and take
actions that mitigate the negative effects of flooding.
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