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1 | INTRODUCTION

Félix Francés

Abstract

Floods negatively affect roads, vehicles and transport systems in general. The
impact on these systems leads to a cascasing effect with significant repercus-
sions. Due to this, the evaluation of the instability risk to which the vehicles
are subjected in stream crossing is necessary for the integral management of
floods. A methodology was herein developed that allows instability risks due
to floods to be estimated for vehicles driving through stream crossings, which
may correspond to fords, vented fords or bridges. Risk was calculated by com-
bining hazard and vulnerability. To determine hazard, a stability function of
partially submerged vehicles, the geometric characteristics of vehicles, the
hydrodynamic characteristics of floods (water depths and velocities) and the
probability of them occurring were employed. Vulnerability was determined
by combining exposure and susceptibility, which are respectively established
with the exposure and damage function. To determine exposure, a limit water
depth to interrupt the traffic of vehicles through the flooded area was consid-
ered. The developed methodology was applied to the Godelleta municipality
(Spain), and found that roughly one quarter of the stream crossings in this
study area presented a relatively high vehicle instability risk due to floods
because it exceeded 0.2 vehicles/year.
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Floods are the main reason for interrupting public
and private transport systems (Pregnolato et al., 2017),

Floods are a natural phenomenon with major negative
impacts on society because they cause substantial indirect
and direct losses that affect people's lives and health,
deteriorate existing infrastructures and interrupt different
public services and productive activities (Yin et al., 2016).
Those elements and activities that floods affect include
roads, vehicles and transport systems in general. The
impact on these systems leads to a cascasing effect with
possible local and/or regional repercussions (Sudrez
et al., 2005).

and this is expected to continue in the future (Dawson
et al., 2016). Moreover, the effects of floods on cars and
transport systems may worsen due to roads themselves
because a road network can modify the natural topogra-
phy and create a new drainage network, which can
change the hydrological response of basins (Jones
et al., 2000; Wemple et al., 2001).

Several studies have pointed out that many people die
when attempting to cross flooded areas in their vehicles
(Drobot et al., 2007; Fitzgerald et al., 2010). In 1989, a
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flood that took place in the city of Nagasaki, Japan, dam-
aged 20,000 cars and 299 people died, of whom roughly
20 died when their vehicles were dragged away by over-
flowing flood water (Ishikawa & Komatsu, 2014). In
September 2019, rainfall exceeding 400 mm in 48 h fell
in SE Spain. Seven people were killed, of whom four were
trapped in their cars and died (Levanter, 2019). In Brazil,
extremely heavy rainfall in January 2020 and at least
53 people died, and several people did so inside their
vehicles (Foal de S. Paulo, 2020).

Despite the negative impact of floods, and the fact
that the integral management of such events requires
assessing the risk posed for vehicles, very few studies
have centred on determining the negative effects of floods
on transport systems (Malarias et al., 2014). The Word
Group (Prada & Carolina, 2015) presented a simple equa-
tion to calculate risks on road networks owing to floods.
In this equation, risk is expressed as either number of
deaths per year or economic cost per year, which is
obtained with the summation of the product of the fol-
lowing factors: (i) hazardousness, understood as the prob-
ability of a threatening event happening; (ii) exposure,
understood as the probability of vehicles being affected
by the threatening event; (iii) vulnerability, which ranges
between 0 and 1, and indicates the severity of the
expected damage; and (iv) total potential loss, which is
expressed as the number of people who died or economic
costs.

Of the few studies that have centred on studying risk
components specifically in stream crossings, we find that
presented by Michielsen et al. (2016) and Kalantari
et al. (2019). Based on the analysis of the physical basin
characteristics and by implementing statistical methods,
in both cases, authors developed a methodology that
could predict if stream crossings in a given area are prone
to flooding.

A methodology was herein developed that allows the
vehicle instability risk to be estimated. This risk is posed
by the growing river levels for vehicles when they cross
stream crossings, which may correspond to fords, vented
fords and bridges. We stress that this methodology can be
used on bridges whose decks might be flooded, and
whose structures would not hypothetically fail structur-
ally during flooding.

Our article firstly presents a brief description of the
mechanisms that lead to loss of vehicle stability. Then it
describes the methodology developed to obtain the insta-
bility risk posed for those vehicles driving through a
stream crossing. This risk is calculated by the discrete
solution of the statistical integral of the product of hazard
by vulnerability, which is a more elaborate calculation
that those presented in former studies. Next it imple-
ments this methodology in the Godelleta municipality
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(Spain), where 32 stream crossings are identified. Finally,
it offers the main conclusions drawn from developing
and implementing the proposed methodology.

2 | STABILITY OF PARTIALLY
SUBMERGED VEHICLES

2.1 | Partially submerged vehicles’ loss of
stability

Loss of vehicle stability in flooded areas can be caused by
three kinds of hydrodynamic mechanisms: floating, slid-
ing and toppling. The floating phenomenon occurs when
the floating and lift forces caused by flow exceed a vehi-
cle's weight. This mechanism occurs mainly when
flowing water moves quite slowly and over considerable
depths (Sand et al., 2011).

Sliding happens when the drag force caused by flow
exceeds the friction force, which depends on the vehicle's
weight and on the friction between vehicle's wheels and
the road surface. Floating and sliding mechanisms inter-
act because the floating and lift forces diminish the nor-
mal weight component, by means of which the friction
force lowers and vehicles can be dragged even when
depths are not so great (Arrighi et al., 2015).

The toppling mechanism apparently takes place hav-
ing lost vehicle stability due to floating or sliding mecha-
nisms on irregular land (Shand et al., 2011). To date, this
mechanism has not been studied in-depth.

2.2 | Vehicle instability index

According to Bocanegra and Francés (2021), the flood
hazard for vehicles corresponds to the probability of over-
flowing water unstabilising cars. In the methodology
herein presented, vehicle stability is defined with the cri-
terion proposed by Arrighi et al. (2016) because it is one
of the most robust available methods (Bocanegra
et al., 2020).

In the method proposed by Arrighi et al. (2016), the
stability of a vehicle type i is established with a vehicle
instability index, S;, which is defined as the relation
between a critical mobility parameter v, and a mobility
parameter 6v; defined for the reference vehicle. These
parameters are calculated with the equations below:

Over =8.2Fr* —14.1Fr+5,4 (1)
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where Fr is the Froude number, p. is the car's mean den-
sity, p is water density, k. is the distance between the
chassis and the ground, H is the undisturbed water
depth, g is the angle of flow incidence, and H, L and
[ are car height, car length and car width, respectively.

In mathematical terms, the stability of vehicle i is
established with this expression:

>1 Vehicle movesdue to sliding

S; = 99‘/"'_’ <land >0 Stationary vehicle (3)
" | <0 Vehicle movesdue to floating
3 | METHODOLOGY

The vehicle instability risk due to floods in stream cross-
ings (R) corresponds to the annual mean number of vehi-
cles whose stability would be lost when crossing these
places. According to Bocanegra and Francés (2021), this
risk can be calculated with the expression below:

o

Ri— j1v<si> ar=[venes @

0 0

where R; is the vehicle instability risk for vehicles type i,
V(s;) is vulnerability, Fg; is the distribution function of

A. Flood hazard
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the accumulated probability of S; and fs; is the probability
density function.

The procedure that must be followed to calculate the
hazard, vulnerability and, finally, the instability risk of
vehicles in stream crossings, is presented below.

3.1 | Vehicle instability hazard

The flood hazard for vehicle i in a stream crossing is
obtained by combining the probability of a flooding event
taking place with the values that the vehicle instability
index, S;, would take. The details to obtain the hazard are
found in Bocanegra and Francés (2021) for a flooding
zone where there are flooding maps for different return
periods.

The scheme in Figure 1 shows a diagram of the proce-
dure to calculating this hazard for a type i vehicle at a
given stream crossing. On the one hand, panel A of this
figure represents the probability of occurrence of each
flood against the parameters through which its magni-
tude is established (depth and velocity). On the other
hand, each flood event corresponds to a vehicle instabil-
ity index, S;, which is calculated by Equation (3); panel B
of Figure 1 relates the magnitude of each flood with its
corresponding value of S;. Finally, combining these two
results, the instability hazard is obtained as the

B. Stability function
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FIGURE 2 Outline of the process to
determine the exposure function of vehicles
type i

Exceedance probability (1/T)

B. Exposure
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probability of occurrence of each event of flood against
its respective value of S;, as presented in panel C of this
figure.

With stream crossings, it is sufficient to employ the
maximum annual flow quantiles for a set of return
periods and to convert this discharge into water depths
and velocities by a 1D hydraulic stationary model with
an adequate flow hypothesis (critical flow, uniform
flow, etc.).

3.2 | Vulnerability

Vulnerability corresponds to a system's characteristics
that make it susceptible to suffer damage by a threat
(UNISDR, 2009). Vulnerability depends on the degree of
the elements that can be affected by flooding from being
exposed, and by their susceptibility. This susceptibility

Vehicle instability index (S))

Number of vehicles type i (V)

—J

C. Vulnerability Vi (S)

\_) FIGURE 3 Outline of the

Number of destabilised procedure to obtain vulnerability of
vehicles type i (V)

vehicles type i in the event of floods

indicates the degree of damage that these elements can
suffer and is normally expressed by damage or loss
functions.

3.21 | Exposure
In the problem being solved, exposure was the number of
each vehicle type i that could cross stream crossings
while water levels rose. Since the duration of the flood
increases as its return period T increases, the number of
potentially affected vehicles type i. N; will depend on the
return period and can be denoted as Ny(T) and schema-
tized in Figure 3, panel B. This exposure can be estimated
as follows.

If the vehicle traffic distribution in time was the
Poisson type, which has been applied to low and medium
vehicle flows (Cal y Mayor & Cardenas, 2007), it is
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possible to demonstrate that the number of vehicles,
Ny(T), corresponds to the following expression:

Ni(T) =qgAu(T) (5)
where g corresponds to the vehicle type i traffic in the
stream crossing during a flood. If no further information
is available, Average Daily Traffic (ADT) can be used; gi
is the proportion of vehicles type i in the fleet; At(T) cor-
responds to the time interval during which flows can
affect the stability of vehicles type i during the flood with
return period 7.

Time interval At(T) depended on the vehicle type
because hazard was defined for the S; of the flood peak
and instability could take place for smaller flows. How-
ever, this time interval also depended on drivers' behav-
iour. The present methodology contemplated two
different drivers’ behaviours: (i) drivers did not decide to
stop before crossing during floods in any case; (ii) for
safety reasons, drivers decided to stop driving through
the flooded area when the water depth exceeded a given
value, which was called a limit water depth, and would
not cross the stream crossing during the rest of the flood
(the resulting value was lower than the previous one
and in accordance with this limit water depth). One pos-
sible calculation appears in more detail in the case
study.

To calculate risk, it is necessary to express vulnerabil-
ity according to hazard. And for the latter an instrumen-
tal function is required, which can be called the exposure

A. Hazard fsi (s)
Stability
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function of vehicles type i, Ni(s;) and was obtained by
combining hazard and exposure, as depicted in Figure 2.
This figure shows that, as previously indicated, a vehicle
instability index S; corresponded to each event with a
given probability (Hazard, panel A, which is the resulting
C in Figure 1) and a number of vehicles N; driving
through the stream crossing (Exposure, panel B). In this
way, it was possible to relate the vehicle instability index
S; to the corresponding numbers of vehicles N; which
gave a similar graph to that found in panel C with the
vehicles' exposure function.

3.2.2 | Susceptibility

Susceptibility in the methodology herein presented was
established by a damage function for each vehicle type i,
D(s;), which is defined using vehicle instability index S;
values. It was assumed that the damage caused to vehi-
cles was in accordance with their stability, and in such a
way that when vehicles became unstable (S; <0 or
S; > 1), damage was complete (D = 1), but when vehicles
remained stable (0 < S; < 1), damage was null (D = 0). A
graphical representation of this function is depicted in
Figure 3, panel A.

Finally, the vulnerability for vehicles type i, Vi(s)),
was obtained by combining the Dy(s;) damage and expo-
sure Ni(s;) functions, as shown in Figure 3. This vulnera-
bility was measured as the number of destabilised
vehicles as a function of the vehicle instability index S;.
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3.3 | Vehicle instability risk

The instability risk was calculated by replacing the expres-
sions obtained for both the hazard and vulnerability of the
vehicles driving through a stream crossing in Equation 4).
Figure 4 outlines the procedure that must be set up to cal-
culate the instability risk for flooding of vehicles type i in
stream crossings. Panel A (which is the resulting panel C
of the Figure 1) corresponds to the instability hazard,
which was obtained following the procedure described in
Section 3.1. Panel B (which is the resulting panel C of the
Figure 2) corresponds to vulnerability, which was obtained
as set out in Section 3.2. When hazard was combined with
vulnerability, for each flooding event with a given exceed-
ance probability, a corresponding number of vehicles N;
would lose their stability in stream crossings (Figure 4,
panel C). The instability risk for vehicles type i, R;, cor-
responded to the integral of this function.

As Equation 4) only contemplates one type of vehicles,
the total risk was obtained when using the summation of
the partial risk obtained for the K types of vehicles with
which the fleet was represented. So, the total risk would be:

R=) R= ZJVl )fs,(s) (6)

i=1 i=1

In practice, it is not possible to calculate and obtain the
integral of Equation (6) as we did not work with analyti-
cal functions and had a limited M number of flood maps.
A discrete approach could be as follows:

697000
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+ Vi(sim) (TlM) }

(7)

levz Slj +V(Slj+1> 1 1
2 T, T

j=0

RgK;{

i=1

where j corresponds to the number of the order of flood
maps, which varied from 0 to Ty, up to M for Tiax,
with T, being the lowest return period from which
vehicles would start being affected; Ty« is the longest
return period with an available flood hazard map; Vi(S;;)
corresponds to the vulnerability of vehicle type i for a
vehicle instability index S; during the flood with return
period T;.

The last term in Equation (7) corresponds to
the residual risk for longer return period events than
Tmax, for which the same vulnerability as Ty, was
assumed.

4 | APPLICATIONTOA
CASE STUDY

The developed methodology was employed to determine
the vehicle instability risk for flooding in the stream
crossings found in the Godelleta municipality, which lies
very close to the Spanish Mediterranean coastline
(Figure 5). This allowed the applicability of the method-
ology to be determined. For the case study, it also permit-
ted the influence of both drivers' behaviour and the
degree of obstruction of vented fords on the results to be
analysed.
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4.1 | Characterisation of the study area
The Godelleta municipality covers 37.5 km?, has a popu-
lation of 3441 inhabitants, is relatively flat with gentle
slopes and a mean height of 266 masl. Its climate is semi-
arid Mediterranean with very variable mean precipitation
figures around 450 mm, and rainfall concentrates in
spring and autumn months.

The Godelleta municipality lies in the middle of the
Rambla del Poyo Basin, which is an intermittent 43.5
kilometre-long current that has its maximum altitude at
1023 masl and flows into the Albufera coastal lagoon
at sea level. The basin covers 430 km? Its slope varies
between 16% at the highest point and 2% in the lowest
part, where flash flooding occasionally occurs in autumn
months (Salazar, 2013). This municipality has a drainage
network made up of several ephemeral water currents
that flow westerly—eastertly of a torrential nature, with
maximum flows in spring and autumn (Terrasa
et al., 2018).

This municipality's road network is relatively dense
and formed by regional and local roads in good condi-
tion. Regional roads include roads CV-50, CV-416, CV-
417 and CV-424 (Figure 4). The last three roads are B-
roads (single lane for each direction) that are relatively
narrow with no verges. Road CV-50 is also a B-road, but
has ample verges on both sides.

The intersection between the drainage network and
the road network involves 32 stream crossings. The vehi-
cles driving through these crossings via these roads
would be at risk for instability due to floods that could
occur in ravines. Of these 32 stream crossings,

702000 704000 706000

Vehicle instability risk due to floods in the stream crossings in the Godelleta municipality

8 correspond to fords, 18 to vented fords and 6 to bridges.
In this paper, the risk in the stream crossings
corresponding to fords and vented fords was calculated
because the drainage capacity of these bridges corre-
sponds to very little exceedance probabilities and, there-
fore, the risk of vehicles being dragged away is negligible.
Figure 6 presents the location of the analysed fords and
vented fords.

4.2 | Characterisation and exposure of
the vehicles driving through the study area

The characterisation of the vehicles found in the study
area was done using the official 2018 data reported by the
Spanish Association of Manufacturers of Automobiles
and Lorries (ANFAC, 2018). The analysis of these data
established that the vehicles fleet driving around the
Godelleta municipality can be suitably described by these
vehicle types: (i) small cars; (ii) compact cars; (iii) small
SUVs; and (iv) medium-sized SUVs and larger vehicles.
These vehicle types are represented by the vehicles found
in Table 1 of the work by Bocanegra and Francés (2021).

The traffic data for roads CV-416, CV-417 and CV-424
were taken from the official traffic levels of the Diputaci6
de Valencia (2018). The road traffic data for road CV-50
were acquired from the information reported by the Gen-
eralitat Valenciana (2019). The ADT (number of vehicles/
day), reported by these institutions for the sites of interest
for this study, was as follows: (i) CV-50: 5141; (ii) CV-
416: 380; (iii) CV-417: 484; (iv) CV-424: 7369. No official
traffic levels data were available for local roads.
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4.3 | Vehicle instability hazard

The flows corresponding to the floods in the ravines
found in the study area were determined by interpolation
techniques using existing flow data about Rambla del
Poyo at several basin points for return periods of 1, 2,
5, 10, 25, 50, 100 and 500 years. The flows of all the
stream crossings were interpolated using the expression
proposed by Leopold et al. (1964), which allows floods
with drainage areas and their corresponding return
periods to be related:

QrxAL T (8)

where Qr is the peakflow quantile, A, is the drainage area
in each stream crossing, b is an exponent which, according
to Leopold et al. (1964), varies between 0.65 and 0.80, and
T is the return period. With the Rambla del Poyo fit, the
determination coefficient significantly increased if an
exponent was included in the return period. The final out-
come used to estimate the flow quantiles at any point of
Rambla del Poyo (including the ravines in the Godelleta
municipality) was this expression:

QT — 0492914375 T0.6512 (9)

where Qr is given in m?®/s, Aq in km? and T in years.

The water levels and velocities corresponding to each
analysed flow at the sites of interest were calculated
assuming unidimensional stationary flow in a river
section that included the stream crossing. These model-
lings were done with the HEC-RAS software, a widely
used in hydraulic engineering. In these modellings,
the geometric representation of the riverbed was per-
formed with the cross-sections obtained from the digital
elevations model of the Spanish National Centre
of Geographic Information of Spain for all Spanish terri-
tory (Centro Nacional de Informacién Geografica
de Espaiia, 2019, http://centrodedescargas.cnig.es/Centro
Descargas/index.jsp#, last consulted in September 2019)
and based on the field trips of August 2019. The geometry
of the fords and vented fords was obtained during field
trips.

With the results obtained with the performed model-
ling, and having implemented the procedure described in
Section 3.1, instability indices S; were calculated for each
analysed vehicle type for the different defined return
periods. These indices were calculated by assuming that
vehicles were completely watertight and lay perpendicu-
larly to the flow. Table 1 presents the instability indices S;
obtained for the different vehicle types in all the stream
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crossings, but only for the flow with the 50-year return
period.

The obtained vehicle instability indices S; indicated
that the flows with return periods that equalled or
exceeded 50 years posed a high risk for the vehicles driv-
ing through stream crossings because, for a flood with a
50-year return period, the vehicle stability of roughly 55%
of the vehicles would be lost. This percentage also had a
significant value for the flood with a 25-year return
period because it came close to 45%, and it almost
reached 90% for a 500-year return period.

4.4 | Vulnerability

Vulnerability was calculated by combining susceptibility
and vehicles' exposure to floods. Susceptibility was
established through the damage function defined in Sec-
tion 3.2.1. The damage function values either equalled
1 for flooding events in which vehicle instability index S;
had negative values (destabilisation due to floating) or
exceeded or equalled 1 (destabilisation due to dragging).
When vehicle instability index S; had positive values
below 1, the damage function equalled 0.

The exposure function was determined by bearing in
mind that, according to that established in Section 3.2.2,
for a given flooding event, the number of vehicles type
i exposed to floods, N; would correspond to the mean
number of cars i that would drive through the flooded
site during time interval At; when the conditions leading
to vehicle instability would take place. To know the dura-
tion of this time interval, we calculated the flood duration
and times when the flow hydrodynamic conditions that
would cause loss of vehicle stability would start and stop.

The flood duration time in the studied ravines was
calculated by summing the duration time of rainfall
events and the concentration time in each basin. The
rainfall duration time was obtained from subtracting
the concentration time for Rambla del Poyo from its
mean flood duration time. According to Salazar (2013),
the mean flood duration of Rambla del Poyo approxi-
mately equalled 12 h in the hydrometric station called
Rambla del Poyo, where the drainage area equalled
184 km”.

The concentration time, t., of both the Rambla del
Poyo Basin and ravines was calculated by the follo-
wing expression proposed by the Generalitat
Valenciana (2018):

te =0.7073 A44%% (10)

Table 1 presents the flood duration times of the
ravines found in the study area, which were obtained by
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summing the rainfall duration time and the concentra-
tion time up to each stream crossing.

The water levels and flow velocities at which the
analysed vehicle types would destabilise, and the time
interval At; during which stability would be lost in each
flooding event, were determined by the results obtained
with the hydrodynamic models developed for the stream
crossings and the calculated vehicle instability indices S;.
Time interval At; was calculated by contemplating the
two possible drivers' behaviours set out in Section 3.2.2.
For calculating under the condition for which it was
assumed that drivers would decide to stop at a given time
during the flood, a limit water depth equal to 0.3 m was
adopted to interrupt the wvehicle traffic (Shand
et al., 2011; Pyatkova et al.,, 2015; Yin et al., 2016;
Pregnolato et al., 2017).

The number of vehicles type i exposed to floods, Nj,
was calculated by multiplying the vehicle traffic flow, g,
by the proportion, g;, of vehicles type i in the fleet, by the
time interval, At; during which the conditions that
would result in vehicle instability taking place. If official
traffic levels data were available for roads, these data
were used. However, if they were not available for some
roads, then the vehicle levels recorded during field trips
were employed. Table 1 shows the hourly flow of vehicles
in all the stream crossings.

The exposure function was obtained by relating the
vehicle instability index S; calculated for each flooding
event to the corresponding number of exposed vehi-
cles N;.

Finally, vulnerability was calculated by multiplying
the results obtained by the damage and exposure func-
tions for each flooding event.

4.5 | Vehicle instability risk
The wvehicle instability risk was calculated by
implementing the procedure described in Section 3.3.
The risk obtained by considering that drivers would stop
when flow depth reached the limit water depth was
called actual risk, while that obtained by contemplating
that drivers would not stop at any time was called poten-
tial risk. Table 1 offers the values obtained for the actual/
potential risks. Figure 6 graphically represents the actual
risk; for graphical representation purposes only, this risk
was subjectively classified as high for the values that
equalled or exceeded 0.2 vehicles/year, medium when
ranging between 0.1 and below 0.2 vehicles/year, and
low if below 0.1 vehicles/year.

The analysis of the results concluded that the actual
vehicle instability risk in the stream crossings in the
Godelleta municipality was high for 27% of the existing
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intersections, medium for 23% of these stream crossings
and low for the remaining 50%.

When analysing the results obtained by considering
that vehicle traffic would continue moving throughout
flood duration (potential risk), we observed that the
values would be two-fold higher than those obtained
after considering that vehicle traffic would cease at a
given time. Accordingly, 69.2% of the stream crossings
would obtain values above 0.2 vehicles/year and only
26.9% of the stream crossings would have values below
0.1 vehicles/year.

It is highlighted that most of the El Murtal Ravine
stream crossings were at risk for vehicle instability. This
risk can be considered medium or high, explained by
this ravine having the biggest drainage area and greater
flows inland of the Godelleta municipality. This condition
coincides with the conclusion drawn by Versini
et al. (2010), who evaluated the susceptibility of roads to
flash floods in a sector of France. These authors found that
the basin's area size upstream of the stream crossing was a
very important factor for predicting floods in this sector.

It is noteworthy that the instability risk for the vehi-
cles on roads with low traffic levels could be the same
instability risk as those vehicles on roads with heavy traf-
fic levels, as in points 6 and 7, which corresponded to the
intersections of the El Murtal Ravine with the local road
and road CV-50 with heavy traffic. These two stream
crossings are separated from one another by approxi-
mately 600 m, with risk values equalling 0.11 and 0.16
vehicles/year, respectively. This was because, despite
road CV-50 presenting very heavy traffic, vehicles would
only be affected by floods with a 500-year return period.
Although the traffic levels on the local road are much
lower, vehicles would be affected by the floods
corresponding to a 2-year return period.

According to the Generalitat Valenciana (2018), the
diameter of the vented fords with circular culverts must
be no less than 1.0 m to avoid obstructions caused by
materials being dragged by flows. For the purpose of ana-
lysing the most unfavourable scenario possible, this anal-
ysis determined the vehicle instability risk by assuming a
0.3 m limit water depth and considering that the
10 vented fords with circular culverts whose diameters
were less than 1.0 m, or presented equivalent geometries,
were completely obstructed when flooding took place.
Table 2 offers the results of this analysis. One conclusion
was made according to this information: in all cases, the
instability risk increased when culverts were obstructed
or, in some cases, this increment could even surpass
100%. This shows the importance of employing vented
fords of suitable dimensions and adequate maintenance
to minimise the possibility of the vehicle instability risk
increasing.
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Vehicle instability risk by taking a limit water depth of 0.3 m and vented fords with circular vents and a diameter less than

1.0 m, or equivalent geometries, being unblocked or completely obstructed

Vehicle instability risk (vehicles/year)

Vented Ford
Degree of vented ford obstruction 2 3 5
Unblocked 0.21 0.22 0.11
Completely obstructed 0.39 0.47 0.13
2,500
2,00
_’?,\ 1,500
S
S .
é’ 1,00
b X
,500 X
T
. —
00 %
02m 0.3m 04m 0.5m
Limit Depth
FIGURE 7 Number of vehicles at instability risk in the

Godelleta municipality by considering different water depth values
from which vehicle traffic could cease

4.6 | Influence of the limit water depth
The number of vehicles at risk for instability due to
floods is directly related to the limit water depth, and the
risk becomes higher when drivers take poorly conserva-
tive attitudes. Nonetheless, determining this water depth
is clearly associated with uncertainty because a large
number of parameters influence decision making. For
this reason, the effect of variation in this water depth was
studied on the values of the at-risk vehicles, for which
risk was determined by assuming water depths of 0.2, 0.4
and 0.5 m, where 0.3 m was the value taken while follow-
ing the methodology. Figure 7 offers the obtained results.
Our results indicated that the instability risk was
extremely sensitive to the water depth from which vehi-
cle traffic stopped. When vehicle traffic was interrupted
by a 0.2 m water depth, the risk equalled zero for almost
all the stream crossings. This behaviour did not include
the fords corresponding to points 6 and 10, where the risk
values were 0.01 and 0.06 vehicles/year, respectively.
When taking limit water depth values of 0.4 and 0.5 m,
we found that, in relation to the values obtained when
following the methodology, the mean risk value
increased by almost 250% and 400%, while the maximum
values rose by almost 50% and 100%, respectively. As the

8

0.
0.

9 12 13 19 22 23
65 0.08 2x107° 0.02 0.035 0.017 0.0003
87 0.26 3x10°° 0.07 0.042 0.018 0.0004

minimum risk value did not undergo any major modifi-
cations when the limit water depth varied by between 0.2
and 0.5 m, as in point 12 where vehicles would only be
affected by flows with return periods exceeding
500 years.

The range of variation of the instability risk values for
the different stream crossings widened as the limit water
depth value increased. The interquartile range equalled
0 m when considering a limit water depth of 0.20 m. The
interquartile range value was 0.20 m for a limit water
depth of 0.3 m. It increased to 0.63 m with a 0.40 m limit
water depth and to 1.18 m with one of 0.50 m.

5 | CONCLUSIONS

The present article describes the a statistically sound
methodology that allows instability risks due to floods to
be estimated for vehicles driving through stream cross-
ings, which may correspond to fords, vented fords or
bridges. With bridges, this methodology can be used for
hypothesising that bridge structures would not fail during
floods. The calculated risk corresponded to the annual
mean number of vehicles that would float or be dragged
by the flow.

With this methodology, instability risk was calculated
by combining hazard and vulnerability. To determine
hazard, the stability function of partially submerged vehi-
cles, the geometric characteristics of vehicles, the hydro-
dynamic characteristics of floods (water depths and
velocities) and their exceedance probabilities were
employed. Vulnerability was determined by combining
exposure and susceptibility, which are respectively
established with the exposure and damage function.
Finally, risk was calculated by the discrete solution of the
statistical integral of the product of hazard by
vulnerability.

The developed methodology was applied to the
Godelleta municipality, and found that roughly one quar-
ter of the stream crossings in this study area presented a
relatively high vehicle instability risk due to floods,
because it exceeded 0.2 vehicles/year. Conversely, the
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risk of approximately half these stream crossings could
be considered relatively low, because it did not exceed 0.1
vehicles/year.

The number of vehicles at risk for instability due to
floods proved extremely sensitive to the magnitude of the
limit water depth from which drivers would decide to
stop driving through flooded zones. Therefore, determin-
ing a safe limit water depth, that is, one associated with a
low risk level, can help to encourage drivers’ good behav-
iour. Also, this risk can significantly increase according
to the extent that vented fords are obstructed. To avoid
this risk increasing, periodically performing maintenance
tasks should minimise this possibility.

The methodology developed in the present study can
be implemented by the organisations responsible for
urban planning and road traffic management to identify
critical stream crossings in order to contribute to vehicle
stability and to take measures that allow the potential
negative impact of floods to lower. Some of the measures
that can be taken, and would contribute to cushion the
impact of floods, would be to, for instance, suitably main-
tain fords and vented fords, fit new culverts or increase
the size of existing ones. This would allow the lowest
return period value from which wvehicles would be
affected to increase, namely T,;,. Drivers' good behav-
iour can be encouraged by informing that they must stop
when the flow depth in the stream crossing reaches a cer-
tain limit water depth, which might allow the value of
the time interval during which flow could affect vehicle
stability, namely At(T), to lower.
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