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Abstract

Flood damage to road networks primarily manifests as a loss of transportation functional-
ity. Current analyses of road network functionality loss during floods are based on specific
flood scenarios. This study analyses flood risk to road networks by assessing the prob-
ability of stability loss for various vehicle types (SUVs/emergency vehicles, and cars).
Eventually, a flood risk map of the road network is generated. The flood risk of each road
is computed as reduced accessibility, measured in this paper via isochrones. Bristol (UK)
is used as the case study area, with all hospitals as starting points to study the coverage
area of emergency vehicles within a given time frame. The results indicate that road net-
work functionality for SUVs/emergency vehicles has a lower flood risk than that for cars.
Additionally, the city centre of Bristol exhibits a higher flood risk, hindering emergency
medical vehicles from reaching high-risk flood areas. The findings of this research offer
strategies to mitigate the impact of floods on road networks and prepare emergency medi-
cal services before flood disasters occur.

Keywords Flood risk - Network performance - Probabilistic analysis - OpenStreetMap

1 Introduction

Road networks connect the population to essential civil emergency services. However,
the road network can be susceptible to natural hazards, especially flooding (Papilloud and
Keiler 2021). Flooding can affect functionality, reducing traffic efficiency (e.g., reducing
travel speed or accessibility (Rebally et al. 2021). Furthermore, the effects of flooding on the
functionality of individual roads can propagate throughout the entire road network, resulting
in cascading impacts and causing traffic congestion (Dong et al. 2022a, b; Kasmalkar et al.

>4 Ke He
ju20423@pbristol.ac.uk

! Department of Civil Engineering, University of Bristol, Bristol BS8 1TR, UK

2 Department of Civil Engineering, Delft University of Technology, Delft 2628 CD, Netherlands

3 School of Geographical Sciences, University of Bristol, Bristol BS8 1SS, UK

Published online: 26 February 2026 @ Springer


http://orcid.org/0009-0002-5212-055X
https://doi.org/10.1007/s11069-026-08005-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-026-08005-z&domain=pdf&date_stamp=2026-2-8

233 Page 2 of 19 Natural Hazards (2026) 122:233

2020; Pyatkova et al. 2019), leading to increased travel times for both regular and emer-
gency vehicles. For instance, the area accessible to ambulances departing a hospital may
shrink significantly. It is, therefore, clear that flooding affects people’s access to essential
civil amenities.

Research on modelling flooding events has reached a high level of maturity. For exam-
ple, the Hydrologic Engineering Centre’s River Analysis System (HEC-RAS), developed
by the U.S. Army Corps of Engineers, is widely used in scientific research to model river
hydraulics and floodplain dynamics (U.S. Army Corps of Engineers 2019). The two-dimen-
sional flood modelling model (e.g. FLO-2D) is applicable to diverse flood-related research,
including urban flooding and riverine inundation scenarios (Li et al. 2021; Liu et al. 2022).
The hydrodynamic model LISFLOOD-FP, which is based on raster grid representation and
capable of simulating inundation caused by flood events (Bates and De Roo 2000), has been
extensively utilised in studies focusing on urban drainage modelling (Wu et al. 2018; Yang
et al. 2022), coastal flooding (Hirai and Yasuda 2018; Seenath 2018) and network impact
(Pregnolato et al. 2022).

Furthermore, research investigating the relationship between flood hazards and road net-
work functionality is becoming increasingly mature. The standard approach to assessing the
functionality loss of the road networks consists of integrating the flood hazard maps and
road network features together (De Risi et al. 2015; Risi et al. 2018a, 2020; He et al. 2023;
Jalayer et al. 2014; Kalantari et al. 2017; Pregnolato et al. 2017; Zhang and Alipour 2019).
Some studies have explored the deterministic resistance of vehicles to flooding under vary-
ing flood intensities. Several relationships among vehicle stability, flood depth, and flow
velocity are reported in the literature (Shu et al. 2011; Teo et al. 2012; Toda et al. 2013;
Xia et al. 2011, 2013, 2016). These studies concluded that flooding impacting the vehicle
laterally (rather than frontally) has the most critical impact on vehicle stability (Wang et al.
2021). According to He et al. (2023), overall network performance is assessed by integrat-
ing flood hazards, road network topology, and vehicle vulnerability to evaluate the impact
severity of exposed links and the functionality reduction of the entire network. Alabbad et
al. (2021) examined variations in the reachable/accessible area from residential properties to
critical amenities at the 100-year and 500-year flood return periods to identify the most vul-
nerable roads under different flood hazards. To evaluate the possibility of different vehicles
on inundated roads, roadworthiness, based on vehicle design and stability in flood, was used
as an indicator of road performance (He et al. 2024).

The studies discussed above are predominantly deterministic and scenario-based, typi-
cally anchored to specific return periods and neglecting key epistemic and aleatory uncer-
tainties. Unlike depth—damage models used to relate flood hazard to building losses (e.g.,
Chang et al. 2009; Dias et al. 2018; Karambiri et al. 2018; Galasso et al. 2021), existing
functional relationships for vehicle stability under flooding do not account for uncertain-
ties. A few studies express vulnerability probabilistically through fragility curves, i.e., the
conditional probability of exceeding or reaching a given damage state for a specified inten-
sity measure (De Risi et al. 2013). In principle, such fragility functions should be hazard-
agnostic and therefore independent of flood return period (Beevers et al. 2022). However,
truly hazard-agnostic fragility models for vehicle instability in flood conditions have yet
to be developed. Beyond these limitations, the literature lacks any risk metric capable of
assessing road-network functionality using flood hazard maps across multiple return periods
in combination with probabilistic vulnerability models. Finally, it is worth noting that, in the
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context of building flood risk, approaches that couple 1D/2D hazard models with microscale
damage models have proven most effective (Apel et al. 2008).

This study addresses several of the gaps identified above. First, we introduce a procedure
for computing flood hazard curves that integrates hazard information across all available
return periods. We then present an innovative method for developing functionality fragility
curves for individual road links. Building on these components, a fully probabilistic frame-
work is proposed to convolve hazard and vulnerability and produce risk maps for the entire
road network. These maps are subsequently used to derive isochrones for medical emer-
gency vehicles serving major hospitals. The methodology is demonstrated through a case
study of the city of Bristol, UK. Finally, the article discusses the benefits of a probabilistic
approach compared with traditional deterministic and scenario-based analyses, extending
insights from the existing literature (Evans et al. 2024; He et al. 2023; Wang et al. 2021).

This paper comprises five sections. Following the introduction, Sect. 2 describes the
research methodology, including the flood hazard curve, the derivation of fragility curves,
risk convolution, and functionality loss assessment. Section 3 shows the procedure results
for Bristol; isochrone areas associated with functionality loss for medical emergency service
vehicles are also presented. Section 4 discusses the advantages of the probabilistic approach
and elucidates the significance of future flood risk management. Eventually, Sect. 5 wraps
up the main takeaway messages, emphasising the limitations.

2 Methodology

This research methodology is divided into three main parts: (i) flood hazard curve deriva-
tion, (ii) analysis of the fragility of road networks of different vehicles based on flood flow
velocity, and (iii) convolution of flood hazard and road network fragility to assess the risk
and functionality losses of road networks. It is worth mentioning that this paper described
flooding thoroughly using both flood depth, %, and flood velocity, vy. These two quanti-
ties will be referred to as Intensity Measures (IMs) in the following sections. Figure 1 illus-
trates the workflow of this study. Detailed explanations for each part will follow.

2.1 Flood risk definition

De Risi et al. (2013) proposed a general probabilistic method for flood risk assessment,
as shown in Eq. 1. A pg denotes the annual exceedance rate of a given limit state (LS). In
this study, LS refers to the functional loss across different vehicle types. P (LS| vy) is the
vehicle fragility function concerning the LS, i.e., the conditional probability of reaching or
exceeding a specific LS conditioned on a specific value of flood intensity measure (in this
case, the flood velocity wvy). |dA (vy)| is the flood hazard term derived as the absolute
value of the hazard increment for all flood velocities vy. Eventually, the flood risk of each
link or node in a transportation network contributes to the network’s overall flood risk.

Mg = / P(LS|vp) - [dA (vy) | W

vf
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Fig. 1 Work flowchart for road network risk map and functionality assessment
2.2 Flood hazard curve

The hazard curve represents the mean annual rate of observing a specific hazard inten-
sity measure in a certain observation time in a particular area (Kinyua 2018). The primary
factors contributing to flood damage are flood depth and flow velocity; indeed, these are
among the most commonly used measures of flooding intensity in the literature (Kreibich
et al. 2009). Unlike buildings and bridges, the impact of a flood on road networks lies
in functional disruption rather than structural integrity, specifically affecting the stability
of vehicle movement. The drag force generated by water flow can affect vehicle stability
(Martinez-Gomariz, 2017; Al-Qadami et al. 2021). Therefore, following the findings of He
et al. (2023), this study derives a flood hazard curve based on flood flow velocity vy.

Flood data is typically available in raster format. Sometimes, only flood depth is avail-
able. In such a case, the flood depth can be converted to flood flow velocities using an
approximation for shallow water (Ponce & Simons 1977), as shown in Eq. 2. However, for
low-gradient floodplains where the flow is subcritical, this equation is likely to overestimate
the actual velocity, whilst for steep catchments where the flow is supercritical, this equation
will underestimate the velocity. So, ideally, flood velocity would be computed by hydrody-
namic models. Equation 2 uses a simple model to estimate flood velocity as a function of
flood depth.

v = \/ahy @

where vy is the expected flood flow velocity, hy is the flood depth, and g is the gravity
acceleration (9.81 m/s?).

In this study, the flood hazard curve for each road is fitted, as per Jalayer et al. (2016),
using Eq. 3 to the available flood data for different flooding scenarios (i.e., flood maps cor-
responding to multiple return periods).

A (vp) = Ko x v% 3)
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where Ky and K are two parameters of the flood hazard curve. A (vy) is the annual fre-
quency of exceeding a given flood flow velocity. In this study, the flood flow velocities
corresponding to different return periods are fitted with Eq. 3 to determine the flood hazard
parameters K and K. These parameters are estimated using the Maximum Likelihood
Estimation (MLE) method.

It is important to emphasise that, given the effect of the topography on flooding (De Risi
etal. 2015) and the location of the roads, flood data is not always available for every element
of the network (De Risi et al. 2020). In simpler terms, for a road network, not every road
is affected by flooding for all return periods. For example, roads located in high-elevation
areas and far from rivers would be affected only in extreme cases, for which there is no
available data. Therefore, the flood hazard curve will be fitted only to the available data,
and extrapolation will be necessary in some cases, as observed in other studies (De Risi et
al. 2018b). Figure 2 shows a schematic example of the total and partial availability of flood
data.

2.3 Fragility functions for vehicle stability

A key novelty of this research is the derivation of fragility curves for vehicle stability using
data from the literature. The fragility curve represents the conditional probability of reach-
ing or exceeding a specific damage state conditioned on a prescribed intensity measure
(De Risi et al. 2013). The fragility of vehicles in a flood can be expressed as P (LS| vy)
according to Eq. 4:

4)

P(LS|vy) = 6 <log (vf) — Mzog>

O log

where ¢(-) is the operator for the Normal cumulative distribution function (CDF), vy is
the generic value of flood velocity and p,,, and o 104 are the mean value and standard
deviation of the logarithm of the critical flood velocities. In this study, since the fragility
of vehicles is caused by the product of uncertainties of flood intensity and the inherent
characteristics of the vehicles, and since the velocity is considered as always positive, the
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Fig. 2 Flood hazard curve deviation example with flood data available for all return periods (Link 1, red
curve). Flood hazard curve deviation example with missing flood data for some return periods (Link 2,
green curve)
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probability distribution of vehicle fragility can be represented using a lognormal distribu-
tion (Faber, 2012).

The critical flood velocity is the maximum flood velocity that a vehicle can withstand
in a given flood depth, beyond which the vehicle will become unstable (Martinez-Gomariz,
2017; Wang et al. 2021; He et al. 2023). The critical flood velocity for different types of
vehicles varies with vehicle characteristics and the coefficient of friction between tyres and
the ground (Wang et al. 2021; Lazzarin et al. 2022). The critical flood velocity for a given
vehicle also depends on the direction of the incoming flood relative to the vehicle’s travel
(Qadami et al., 2021). This study considers the critical flood velocity of a vehicle for two
extreme incoming flood directions: perfectly parallel to the vehicle’s direction of travel and
perpendicular to the vehicle’s direction of travel (Egs. 5 and 6). In addition, this study uses
two types of vehicles to represent most vehicles in the road network: SUVs (Sports Util-
ity Vehicles) and cars. It is important to emphasise that emergency vehicles are treated as
SUVs in this paper, since they are usually larger than typical private cars. Table 1 provides
the parameters for these two vehicles used to calculate the mean critical flood velocities in
Egs. 5 and 6.

ue = a(hy/he)’ ”\/2glc(p che/ (p thy) — Ry) ()

wer =i (hp/he)” \/2gbelo e/ (o thy) — Ry) (©)

where u. | and u. ; are the critical flood velocities of parallel and perpendicular incom-
ing flood, respectively. a and  are parameters relative to vehicle and road surface features.
hy and p 5 are flood depth and density. h., b., and [. represent the dimensions of the
vehicle — height, width, and length scaled to account for the experimental evidence. p ; is
the floodwater density. g is the gravity acceleration. Ry = hep ./ (hk p f), where hy, is
the flood depth at which the vehicle starts floating (Dong et al. 2022a, b; Xia et al. 2013). It
should be noted that in previous studies (Xia et al. 2013) critical vehicle velocities were not
derived using full-scale vehicles, but rather from experiments with geometrically scaled die-
cast vehicle models. Accordingly, all vehicle parameters provided in Table 1 were scaled
proportionally to preserve vehicle density and to reproduce vehicle inundation conditions
as realistically as possible.

Regarding the logarithmic standard deviation of the critical flood velocity ( ¢ ), this study
innovatively uses previous studies’ experimental data (Xia et al. 2013) of vehicle critical
flood velocity to assess the uncertainty for deriving the standard deviation; this will be

Table 1 Parameters for critical flood velocity derivation for suvs and cars (Wang et al. 2021)

Vehicle Parameters

a B he g le Pe Pyr Rf hy

m — ms) m  (kgm) (kgm’) (m)
SUV Il 0438 -0.219 1.737 9.8 5.089 203 1000 0.551 0.67
car Il 0212  -0.562 148 9.8 4.945 170.44 1000 0.65 0.45
a ﬁ he g be P Py Rf h

(m) (m/s?)  (m) (kg/m’)  (kg/m’) (m)

SUV 1 0367 -0451 1.737 9.8 1.983 203 1000 0.551 0.67
car 1 0492 -0344 148 9.8 1.845 170.44 1000 0.65 0.45
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presented in more detail in Sect. 3.2. The goodness of fit between the regression curves and
the experimental depth—velocity data was quantified using the coefficient of determination
R?, which represents the proportion of variance in the observations explained by the fit-
ted model. The logarithmic standard deviation is calculated by investigating the residuals
between the experimental data and the critical flood velocity function.

2.4 Risk assessment and functionality loss

In principle, the fragility functions should be hazard-agnostic, i.e., independent of the flood
return period. Unfortunately, the median of the fragility curves, as evident from Egs. 5 and 6,
depends on flood depth corresponding to a specific return period. Therefore, Eq. 4 becomes
P (LS|vg, hy). Two approaches can be used to solve this double-dependency problem.
The first approach consists of computing the hazard curve for flood depth as per Sect. 2.2,
and then extending the integration of Eq. 1 to two dimensions over all possible values of
flood depth and flood velocity; this is the most rigorous approach. The second approach is
more straightforward and is based on the extreme value theory, which is generally used to
characterise the probabilistic occurrence of flood return periods. This approach is an approx-
imation to the full 2D hazard—fragility convolution. Specifically, Eq. 1 can be computed for
all possible scenarios using the scenario flood depth for the fragility curve. Therefore, the
mean annual rate will be a function of the return period (i.e., A g [hy (Tr)] which is the
conditional rate under the specific scenario 7). To remove such an unwanted dependency,
the total probability law can be used. Specifically, the overall rate \ 1 s can be computed as:

)\_Lg: E [\ Ls|Scenario] = Z Z#:CIIR)\ rslhy (Tr4)] - PTs, @

where A s is the mean annual rate obtained as the expected value ( E) of the conditional
rates. This can be achieved by weighting the specific conditional rates and the discretised
probability masses from the extreme-value model ( pry, ;). Eventually, the obtained mean
annual rate is independent of any specific flood return period.

In this paper, 1 year is used as the observation time to calculate the annual probability of
failure. This probability is the likelihood of functional loss in the road network over 1 year.
In this study, the Poisson process distribution is employed to calculate the annual probability
of failure. The Poisson distribution can be applied to various engineering-related problems,
particularly non-overlapping and mutually independent events (Faber, 2012). The expres-
sion of the annual probability of failure is described by Eq. 8:

pr=1—exp(— A s *t) ®)

where py is the annual failure probability, while ¢ is the observation time, equal to 1 year.
This probability will be used as a reduction factor of the full-capacity properties of the spe-
cific affected link. The functional loss of the road network is reflected primarily in its traffic
performance. A time-isochrone represents the area reachable within a specified travel time
(e.g., 10 min) from a given origin under a particular transport mode (cars, bicycles, public
transport) (Alexandros Efentakis et al., 2013; Akinsowon 2021; McKenzie 2022; Zeng et
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al. 2014). Evaluating road performance using travel-time maps is known as time-based iso-
chrone analysis (Coles et al. 2017; Green et al. 2017; Bainbridge, 2021; Sleszyﬁski et al.
2023). Isochrones capture network accessibility and reveal cascading effects associated with
network disruption, while avoiding the need for dynamic traffic simulation. As such, they
are computationally efficient and suitable for near-real-time applications. In this study, time-
based isochrones for hospitals are of primary interest. For emergency vehicles (assumed to
behave similarly to SUVs), reduced network functionality manifests as increased travel time
and decreased accessibility.

3 Results

The city of Bristol, located in the West of England, is the designated case study area. Fig-
ure 3 shows the region, including its major rivers, water bodies, and areas affected by a 200-
year flood scenario. The city centre is traversed by the west-east flowing river Avon, while
the river Frome courses northward from the city centre. Characterised by its susceptibility
to flooding, Bristol has experienced recurrent inundation within its network (Arup 2020),
including pluvial flooding.

The Bristol flood data comprises two-dimensional flood-depth raster maps with a
10-meter resolution, simulated using the LISFLOOD-FP 2D hydrodynamic model (Bates et
al. 2023). This study considers flood return periods of 5, 10, 20, 50, 75, 100, 200, 250, 500,
and 1000 years. The flood data for each return period represent the maximum flood depth at
each point on the map. The available flood data do not include flood flow velocities. There-
fore, flood flow velocities are computed by using the relationship shown in Eq. 2.

e
o Flood susceptible are

/ 200 L s
D [ /) ’r’ £ ‘4 , r.n{’
4 N | ]
£

S Py / Flood depth (mm)

A 1 -
/0 100200m 800
[ |
i | River Avon 2
'\
G [ ~ | —— Stream
[ pock
¢ = Ditch
0 1 2km N S { § 1 > = Main rivers

[ m—] W= iy SRS =S\ Bristol
Fig. 3 The map of Bristol, water bodies, and the flood susceptible areas

@ Springer



Natural Hazards (2026) 122:233 Page9of 19 233

The topological structure of Bristol’s road network is built using open-source Open-
StreetMap data processed through QGIS. The road network primarily consists of two com-
ponents: nodes and links. Nodes represent intersections and endpoints of roads within the
road network, while links represent the roads and bridges. This study integrates road net-
work topology and flood raster data to analyse the flood risk experienced by each road. It is
important to note that a road may overlap multiple raster grids, and the flood depth in each
grid may vary, indicating that the road faces different flood risks. To streamline calcula-
tions, the maximum flood depth along each road is selected to represent the overall flood
risk for that road. This assumption is deemed reasonable, as the functionality of the entire
road is compromised once any part of it is inundated to the extent that vehicular passage is
impeded. This overestimation, accounting for the worst-case scenario, enhances the safety
of vehicular travel on the road network.

This section discusses the flood risk maps derived using the methodology outlined in
Sect. 2. In this study, all hospitals serving as emergency medical facilities are considered
nodes and designated departure points for ambulances. The isochrone coverage areas of
hospitals with emergency services (ambulances) reflect the degradation in the performance
of Bristol’s road network following flooding.

3.1 Flood hazard curves

This study used the flood hazard curves for each road, calculated for 10 scenarios corre-
sponding to 10 return periods (i.e., 5, 10, 20, 50, 75, 100, 200, 250, 500, and 1000 years).
The parameters K and K are computed for each inundated road, as explained in Sect. 2.2.
Examples of flood hazard curves of several roads are presented in Fig. 4. Variations among
curves reflect differences in the parameter pair ( Ky, K), which governs the shape of the
relationship. The multiplier Ky controls the overall elevation of the curve and represents
the baseline likelihood of low-intensity events, while the slope K dictates how rapidly
hazard decreases with increasing velocity. Steeper negative slopes imply rarer high-velocity
floods, whereas flatter curves indicate comparatively more frequent extremes. Overall, the
fitted parameters allow hazard behaviour to be quantified and compared across different
conditions or scenarios.

3.2 Flood vehicle vulnerability

Two types of vehicles are considered herein: (i) “SUVs”, which also represent emergency
vehicles (e.g. ambulances); (ii) “cars”, which refers to regular private passenger vehicles
(see Sect. 2.3). The calculation of fragility in Sect. 2.3 requires the logarithmic mean and
logarithmic standard deviation of flood damage to vehicles. Equations 5 and 6 provide the
central values. The standard deviation is obtained from the experimental residual. Figure 5
shows the digitisation of the experimental data from the literature (Xia et al. 2013) for the
relationship between flood depth and critical flood velocity for two vehicle types, SUVs
and cars, in water flow directions parallel and perpendicular to the vehicle. For the four
combinations of vehicle type and incoming flood direction shown in Fig. 5 (SUV and car,
with flow perpendicular and parallel to the vehicle), the fitted critical-velocity relation-
ships reproduce the experimental data very closely, with coefficients of determination of

2 ~ 2 ~ 2 ~ 2 ~
RSUV,QOO ~ 0.91, RSUV,()/180° ~ 0.92, RS, g00 =~ 0.86, and Rcar,[)/lSOO ~ 0.81,
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10° r

5 ——K0=0.0027; K=-1.43
10 ——K0=0.0032; K=-1.96
K0=0.0025; K=-1.18

——K0=0.0040; K=-2.45

Mean annual rate (1/year)

104" | | | | J
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

Flood velocity (m/s)
Fig.4 Example of the hazard curves fitted with Eq. 3

respectively, indicating an excellent agreement between the theoretical curves and the flume
measurements. The fits for the SUV cases exhibit slightly higher coefficients of determina-
tion than those for the car, but all four R?values are greater than 0.8, providing a high level
of confidence in the fitted relationships. It is important to note that the vehicles used in the
experiment were not full-sized real vehicles; instead, die-cast models at a scale of 1:14 were
employed, as described by Xia et al. (2013). Although scaled-down vehicle models were
used in the experiment, the residuals and standard deviation of the experimental results are
not affected by the use of these smaller models. All geometric and hydraulic quantities were
scaled proportionally in the vehicle stability experiment of Xia et al. (2013); therefore, even
though a vehicle model was used, the simulated scenario can still reflect the stability of a
real vehicle in a flood.

Table 2 lists the standard deviation for the different experiments. The results indicate that
for both SUVs and cars, the standard deviation for parallel incoming flood is smaller than
for perpendicular incoming flood. Figure 6 presents the fragility curves for SUVs and cars
at different critical flood velocities. When the critical flood velocity is low, the fragility of
SUVs and cars is essentially the same. Differences arise at higher flow velocities.
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(a) Flood depth vs. critical flood velocity of SUV of 90° (b) Flood depth vs. critical flood velocity of SUV of 180°
2.00 —— Critical Flood Velocity Curve .. —— Critical Flood Velocity Curve
@ Experimental data ® Experimental data
175 2.0
o/ o
Z 150 z
E £
£ >1s
2125 g
3 3
£ 100 T
o B
3 8 10
3
2075 =
050 s
025
0015 0020 0025 0030 ~ 0035 0040 0045 0015 0020 0025 0030 0035 0040  0.045
Flood depth (m) Flood depth (m)
(C) Flood depth vs. critical flood velocity of car of 90° (d) Flood depth vs. critical flood velocity of car of 180°
25
—— Critical Flood Velocity Curve 25 —— Critical Flood Velocity Curve
® Experimental data @ Experimental data

Flood velocity (m/s)

0.5

0.0125 0.0150 0.0175 0.0200 0.0225 0.0250 0.0275 0.0300

.025 0.
002 030 Flood depth (m)

0.010 0.015 0.020
Flood depth (m)

Fig.5 Critical flood velocity vs. depth for die-cast vehicle models (1:14) ; a perpendicular incoming flood
for SUV stability; b parallel incoming flood for SUV stability; ¢ perpendicular incoming flood for car
stability; d parallel incoming flood for car stability (digitised and adapted from Xia et al. (2013)

Table 2 Standard dev.iation of Incoming flood direction SUV Car
SUV and car under different perpendicular 0.13 m/s 0.16 mv/s
incoming flood directions

parallel 0.11 m/s 0.15 m/s

3.3 Flood risk maps

According to Eq. 1, flood hazard and fragility can be convoluted to obtain the flood risk
for each return period. Finally, the flood risk for each return period is weighted to obtain
the final annual flood risk, and the annual probability of failure of each link can be derived.
Supplementary 1 and Supplementary 2 present the maps of risk at each flood return period
for perpendicular incoming flood and parallel incoming flood for both SUVs and cars. As
can be seen from both Supplementary 1 and Supplementary 2, as the flood return period
increases, the probability of road functionality loss significantly rises for both SUVs and
cars, with an increasing number of roads being affected by flooding. It is also worth noting
that in any flood return period, the probability of failure of roads in the central area of the
road network of Bristol, i.e., the area close to the River Avon and River Frome, is higher
than that of other roads. In addition, comparing the failure probabilities of SUVs and cars
shows that the flood risk of cars is significantly higher than that of SUVs under the same
flood intensity. This result confirms that SUVs have a higher critical flood velocity than cars
under the same flood depth (Martinez-Gomariz et al. 2017). Moreover, this result indicates
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Fig. 6 Fragility curves of vehicles at different critical flood velocities; a fragility curve of SUV under
perpendicular (solid lines) and parallel (dash lines) incoming floods; b fragility curve of Car under per-
pendicular (solid lines) and parallel (dash lines) incoming flood

that, at the same flood intensity, the road network maintains a higher level of transitabil-
ity for emergency vehicles than for private passenger vehicles. In other words, emergency
vehicles exhibit higher roadworthiness in a flood.

Figure 7 shows the map of the annual probability of failure after weighting. The weighted
annual flood risk map is independent of specific hazards and can capture the risk scenarios
for potential flooding. Figure 7(a) and Fig. 7(b) are the annual probability of failure maps
of the road network for SUVs of perpendicular and parallel incoming flood directions, and
Fig. 7(c) and Fig. 7(d) are the annual probability of failure maps of the road network for
cars of perpendicular and parallel incoming flood directions. Also, in this case, the roads in
Bristol’s city centre are shown to be at a higher risk of flooding. This result confirms that
the river is the primary source of flooding in Bristol. Additionally, comparing the weighted
annual flood risk maps for SUVs and cars, the results clearly show that roads are more
likely to lose functionality for cars during floods. From another perspective, the transitabil-
ity of emergency vehicles during floods is consistently higher than that of private passenger
vehicles.

The flood risk-weighted maps in Fig. 7 indicate a lower probability of failure for roads
used by SUVs, demonstrating that SUVs have better flood roadworthiness in the flood. For
SUVs, the perpendicular incoming flood presents a higher risk (Fig. 7a) than the parallel
incoming flood (Fig. 7b). This result indicates that the stability damage caused to SUVs
is greater when the floodwater approaches perpendicularly compared to parallel incoming
floods. It also suggests that not only are common flood intensity measures (such as flood
depth or velocity) fundamental for assessing road network flood risk, but the direction of
flood velocity also dominates the outcomes of these assessments. For cars, the probability of
failure maps show similar results regardless of whether the incoming flood direction is per-
pendicular or parallel (Fig. 7(c) and Fig. 7(d)). This result indicates that, for small vehicles
such as cars, the flood direction does not significantly affect the failure probability; instead,
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bability of

Fig.7 Flood risk maps; annual probability of failure for SUVs a under perpendicular and b under parallel
incoming flood; annual probability of failure for cars ¢ under perpendicular and d parallel incoming flood

flood intensity is the dominant factor. Additionally, it suggests that cars are less resistant to
flooding and that roadworthiness is more restricted. It is important to note that the results
in Fig. 7 represent the probability of functional loss for each road under the annual flood
intensity for SUVs and cars. In other words, even though some roads may exhibit a high
flood risk (red) in Fig. 7, it does not mean that these roads will lose functionality during an
annual flood. It is just that high-flood-risk roads are more likely to exceed the limit state
than low-flood-risk roads. Therefore, as explained above, the probability of functional road
loss is lower during flood events, and the usability of emergency rescue vehicles is higher.
However, this does not imply that emergency vehicles can always navigate flooded roads;
instead, they demonstrate better roadworthiness than private passenger vehicles in flood
scenarios.

3.4 Transportation functionality assessment

This section investigates flood risk isochrones for hospital-based road networks, focusing
on emergency medical service accessibility. After evaluating the flood risk and the annual
probability of road failure under flooding conditions, it is necessary to incorporate road fail-
ures into traffic to assess the functional loss of the road network. A traffic indicator that can
be used to evaluate the performance of road networks is the accessibility of vehicles at the
regional level, which is represented by isochrones (see Sect. 2.4). In this study, all hospitals
in Bristol with emergency ambulance services are considered as the starting points (origins)
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Fig.8 Isochrones of emergency vehicle travel times from the hospitals (shown in blue, green, orange, and
red polygons) and the isochrone uncoverage areas (shown in red circles); a emergency vehicle reachable
and unreachable areas when the road risk caused by perpendicular incoming flood; b emergency vehicle
reachable and unreachable areas when the road risk caused by parallel incoming flood

of vehicles in the isochrone. Travel time-based network performance is used to generate the
road network’s isochrones. The deterioration of road network performance depends on the
functional loss of each road. The functional loss of each road during a flood is mainly mani-
fested as a reduction in its design travel speed. The decrease in road design speed is quanti-
fied by deriving the probability of failure from the flood risk map in Sect. 3.1. Although the
probability of failure is a measure of the likelihood of a road losing its functional capacity,
the percentage reduction in design speed of a road is calculated using the probability of
failure of each specific link. Figure 8 shows the isochrone for all hospitals in Bristol for
emergency services, accounting for reduced capacity. Since ambulances are typically large
vehicles (comparable to SUVs), they are the only vehicle type considered here. According
to the British new ambulance standard, ambulances are required to arrive at the patient’s
location within 8 min of departure from the hospital (Coles et al. 2017; Green et al. 2017;
CHANGE 2022). In this study, the 8-minute isochrone represents the maximum acceptable
timeframe for ambulance response. To investigate the accessibility of the road network in
more detail, the 8-minute isochrone is divided into four intervals of 2, 4, 6, and 8 min.

Figures 8(a) and (b) present the emergency medical service isochrones for all hospitals
in Bristol under perpendicular and parallel incoming flood directions, respectively. Overall,
the isochrones exhibit only minor differences between the two directions. This outcome
may appear inconsistent with the results in Sect. 3.2, where SUVs showed greater instability
under perpendicular flood flows. However, the spatial context clarifies the discrepancy: the
Bristol city centre lies at a lower elevation than the surrounding areas, meaning that flooding
affects the northern and southern road networks similarly regardless of flow direction. As a
result, hospitals in these regions exhibit nearly identical accessibility patterns in both flood
scenarios, resulting in the similar isochrones observed in Fig. 8. Even under these condi-
tions, the maps reveal significant coverage limitations. In high-risk central areas, no hospital
can reach all locations within 8 min. Furthermore, parts of northwest Bristol, the area south
of the high-risk zone, and locations along the River Frome also fall outside the 8-minute
isochrones. Although these latter areas are not highly flood-prone, their limited emergency
accessibility during flooding suggests that ambulance mobility could still be compromised
during future events.
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4 Discussion and innovation

Flood risk maps indicate the probability that a road network will reach a limit state. A
higher limit-state probability implies greater vulnerability to flooding and a higher risk of
functional loss. Deterministic approaches assess risk for each flood return period indepen-
dently. In contrast, probabilistic approaches integrate risks across multiple return periods to
produce a flood risk map that is not tied to a single scenario.

Probabilistic methods offer several advantages over deterministic ones. First, they do
not rely on the selection of a specific return period; deterministic assessments, by contrast,
require defining one or more scenarios (often a worst-case event). Second, probabilistic
maps quantify the likelihood that roads will be affected by flooding, enabling the identi-
fication of vulnerable links even when flood events are uncertain. Deterministic outputs
can only provide qualitative risk judgements for individual scenarios. Third, because the
probabilistic method produces a single map summarising the probability of flood impact on
roads, it delivers more comprehensive and actionable information for disaster management,
supporting both risk reduction before flooding and efficient recovery afterwards.

The contributions of this study can be summarised in three key advances. First, vehi-
cle fragility under flooding is quantified while explicitly incorporating model uncertainty
derived from previous experimental studies. Here, fragility refers to the probability that a
vehicle becomes unstable at a given level of flood intensity. Second, we integrate flood haz-
ard with road fragility through a convolution process and then translate the resulting flood
risk into traffic performance impacts, a relatively new direction in flood risk assessment.
Previous research has primarily focused on structural damage and associated economic or
human losses (e.g., De Risi et al. 2013), rather than on transport-system functionality. Third,
we adopt a hazard-agnostic approach, which can be generalised to other types of disruptions
affecting physical network components (Beevers et al. 2022). This approach increases the
flexibility and robustness of the analysis and allows the same methodology to be used for
assessing network improvements or alternative scenario conditions.

This work also offers practical value. Time-based isochrones provide a clear representa-
tion of traffic vulnerability during floods and can support emergency planning, response,
and recovery. For instance, the isochrone analysis suggests that emergency vehicle loca-
tions could be optimised to improve coverage during flood events in Bristol. In this way,
isochrones can enhance transport network resilience.

However, several limitations must be acknowledged. Isochrones represent static acces-
sibility and do not account for interactions between vehicles or changes in traffic flow
over time. The analysis also assumes that vehicles travel at the maximum permitted speed,
neglecting delays from traffic signals and congestion. Consequently, the resulting isochrone
extents should be interpreted as optimistic, upper-bound estimates, though the assumption
remains reasonable for emergency vehicles, which can proceed without signal restrictions,
as supported by existing literature (e.g., Pregnolato et al. 2016). Finally, the study utilises
only publicly available information and does not incorporate specific contingency measures
that could be implemented when flooding is forecast.
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5 Conclusion

This study presents a probabilistic approach for evaluating flood risk maps of road net-
works, combining flood hazard maps for different return periods and flood fragility func-
tions of vehicles. The flood risk of road networks is measured as the impact on traffic. The
work focuses mainly on emergency medical vehicles. For the first time, this paper proposed
vehicle fragility curves based on previous experimental results. Moreover, it proposed a
methodology to ensure the fragilities are used in a hazard-agnostic fashion.

The flood risk is assessed for the study of Bristol. The main findings of this study are as
follows. First, the flood risk of roads near rivers is high, as expected. Second, cars show a
much higher flood risk compared to SUVs. Third, the isochrones computed for all the hos-
pitals in the city offering emergency rescue functions show that ambulances may take more
than 8 min to reach areas with high flood risk, deemed the ideal time for emergency services
to arrive in case of injuries.

This study has a few limitations. A static approach was employed regarding the traffic
simulation within the road network, focusing solely on determining origin-destination pairs
to reflect accessibility within specific travel times. Furthermore, the study does not pro-
vide methods for modelling changes in traffic flow on each road or the mutual interactions
among vehicles. Therefore, in future research, agent-based approaches should be employed
to simulate changes in traffic flow on roads within flood risk scenarios. Additionally, by
incorporating variations in the traffic flow within the road network, future studies could
focus on the impact of intervention measures to enhance the flood resilience of road.
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