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Highlights

e A non-dimensional physics- and data-based parameter is introduced to measure flood hazard

e Itaccounts for flow depth and velocity and encompasses the concepts of energy and momentum
e It enhances traditional models and allows reconciling previous results in a unique general form
¢ Relative damage functions are obtained using a mixed deterministic-probabilistic approach

e The effectiveness of the method is proved by application to people, vehicles, and buildings

Abstract

Direct flood damage is commonly assessed using damage models (i.e. vulnerability functions and fragility
curves), which describe the relationship between hazard, vulnerability, and the (probability of) damage for
items exposed to floods. In this paper, we introduce a non-dimensional impact parameter that, according to
the physics of damage mechanisms and/or tuned on field or lab data, combines water depth and flow
velocity in a general and flexible form. We then suggest a general approach to assess relative damage
functions for items of different nature, subject to either progressive or on-off damage processes. The
proposed method enhances traditional tools that use inundation depth as the main (or only) explicative
variable, and allows recasting the results from previous studies in an elegant, flexible and unique form.
Compared to multivariate models that link flow variables to damage directly, the physics-based approach
allows for an intelligible assessment of flood hazard and the associated damage, even in case of scarce or
sparse data. The proposed impact parameter and the related procedure to assess the relative damage
functions are applied to different kinds of exposed items (people, vehicles, and buildings), demonstrating

the general applicability and validity of the proposed method.
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1 Introduction

Flood damage assessment is a fundamental step and a key information basis in any deliberation on
flood risk management, being it related to long-term mitigation measures or to the emergency phase (see,
e.g., the European Floods Directive). Two kinds of tools are generally used to assess direct flood damage
(Pregnolato et al., 2015; Fuchs et al., 2019a). The standard tool is represented by vulnerability curves
relating hazard, exposure, and vulnerability to the damage, usually expressed in relative terms, on a scale
ranging from 0 = no damage to 1 = total loss (Amadio et al., 2019; Dutta et al., 2003; Fuchs et al., 2019b;
Gerl et al., 2016; Krzysztofowicz and Davis, 1983; Merz et al., 2013; Smith et al., 1994). This tool is
appropriate for the description of damage mechanisms and processes that allow for intermediate states of
damage, i.e., between zero and the total loss, like damage to buildings, crops, etc. (these processes are
referred to as progressive processes in the following). In contrast to vulnerability curves, fragility curves
express the relationship between hazard, vulnerability, and the probability of having a certain damage (e.qg.,
Haugen & Kaynia, 2008; McGrath et al., 2019; Nofal et al., 2020; Papathoma-Kohle et al., 2017; Pita et
al., 2021; Thapa et al., 2020). Hence, they are profitably used to describe binary processes in which only
two states are possible, i.e., “fully safe” (on-event) or “fully damaged” (off-event), and the damaging occurs
very quickly. Hereinafter we define these processes as on-off processes, whose typical examples are people

or vehicles in floodwater.

Both vulnerability and fragility functions share the use of inundation depth as the main explicative
variable for flood damage (Apel et al., 2004; Chen et al., 2019; De Moel et al., 2015; Gerl et al., 2016;
Jamali et al., 2018; Hasanzadeh Nafari et al. 2018; Huizinga et al. 2017; Jongman et al., 2012, Kreibich et
al., 2009; Lv et al., 2021; Martinez-Gomariz et al., 2021; Zhou et al., 2012). Although it is widely accepted
that flood damage is mainly influenced by water depth, this parameter cannot fully explain damage data
variance, which, instead, can be explained by a variety of parameters, related both to hazard and to
vulnerability (Chen et al., 2016; Dang et al., 2011; Kreibich et al., 2017; McBean et al., 1988; Merz et al.,
2004, 2010; Molinari et al., 2014, 2019; Pham et al., 2020; Thieken et al., 2005, 2008), with the latter being
strongly dependent on, and varying with, the object under investigation and the physical and socio-
economic context in which the flood occurs (Menoni et al., 2012). Nonetheless, vulnerability parameters
are often related to socio-economic aspects that can be hardly quantified (Koks et al., 2015), and for which
only a qualitative evaluation is possible like the experience of affected people, their level of education, the
level of maintenance of a building, etc. (Menoni et al., 2012). This makes the generalization of flood damage
assessment tools, as well as their adaptability and transferability in space and time, a challenging task
(Cammerer et al., 2013; Molinari et al., 2019, 2020). However, the relationship between damage and hazard
variables is more prone to generalization than that with vulnerability’s, as it mainly involves physical

processes that can be quantified and modelled in mathematical terms. In fact, several studies propose

2


https://doi.org/10.1016/j.jhydrol.2022.127485

Journal of Hydrology, 2022 — Accepted paper — https://doi.org/10.1016/j.jhydrol.2022.127485

qualitative fragility curves (e.g., by expressing the probability of damage as low, moderate, and high) as a
function of different combinations of water depth and flow velocity, for a variety of objects (see, e.g., Cox
et al., 2010; Penning-Rowsell et al., 2005; Ramsbottom et al., 2006).

Limiting the analysis to direct flood damage, this paper presents a general and flexible method to assess
the relative damage for progressive and on-off damage processes using a common framework. The two
main ingredients are i) a new impact parameter, W, which allows to measure flood hazard accounting for
both inundation depth and water velocity as flood damage determinants, and ii) a procedure to derive the
relative damage as a function of W quantitatively, starting from physical considerations, empirical, or
synthetic damage data. The goal is extending the traditional depth-damage approach accounting for

additional explicative variables as flow velocity, yet retaining a relatively simple and intelligible structure.

An explicit, physics-based modelling approach is preferred because physics-based damage models may
provide robust results in different contexts and in novel conditions with scarce calibration data, and allow
modellers to improve their knowledge and to keep control on the entire process of damage assessment.
These aspects are valuable even in the era of big data and complex multi-variate data-based models, whose
reliability essentially depends on the quantity and quality of training data (Carisi et al., 2018; Gumiere et
al., 2020; Merz et al., 2013; Molinari et al., 2020; Mosavi et al., 2018; Van Ootegem et al., 2015, 2018).

The paper is organized as follows. Section 2 describes the proposed procedure by first introducing the
impact parameter W (Section 2.1), and then explaining how the parameter can be related to the damage
degree or the probability of damage (Section 2.2). Section 3 provides some practical examples on the use
of the impact parameter W and on the method to derive damage models and fragility functions. Some
comparisons with previous approaches are also shown. Finally, Section 4 discusses the work and makes

final remarks.

2 An approach for the definition of relative damage functions

Before going into the details of how the impact parameter W is defined and can be used, some aspects
deserve clarifications. For the sake of simplicity, in the following we use the term “relative damage
functions” to denote both vulnerability functions and fragility curves (Cardona, 2004; Cardona et al., 2014;
Thywissen, 2006). Indeed, the definition of total damage (for progressive damage processes) and of total

loss (for on-off processes) are very similar to each other:
total damage = relative damage * total value of exposed items

total loss = loss probability * total number of exposed items
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The loss probability, as the relative damage, varies between 0 and 1, and increases with the hazard
increasing, which supports the general use of “relative damage” in both the cases. Accordingly, relative
damage functions can be viewed either in a deterministic sense for progressive damage processes, or in a

probabilistic sense for on-off events.

Depending on the nature of items exposed to floods and on flood features, damage can be ascribed to
many diverse processes (e.g., wetting, dragging, drowning), which in turn depend on different explanatory
variables, such as water depth and velocity, flood duration, contaminant load, socio-economic status, and
precautionary measures (Apel et al., 2009; Bignami et al., 2019; Carisi et al., 2018; Ettinger et al., 2016;
Karagiorgos et al., 2016; Kok et al., 2005; Merz et al., 2010; Mignot et al., 2019; Schréter et al., 2014).
Accordingly, damage functions are typically highly multidimensional, thus hard to be assessed in a
comprehensible and compact form (Papathoma-Kdhle et al., 2019). We restrict the analysis to the direct
flood damage driven by mechanical processes; in this case, the free variables of relative damage functions
reduce to water depth and flow velocity (Balica et al., 2013; Black, 1975; Clausen and Clark, 1990; De Risi
et al., 2013; Gallegos et al., 2012; Hammond et al., 2015; Jongman et al., 2012; Martinez-Gomariz et al.,
2021; Nadal et al., 2010; Postacchini et al., 2019; Roos, 2003; Zhou et al., 2012). The importance of water
velocity in shaping damage has been demonstrated, especially for flash floods, with respect to different
damage processes such as physical damage to roads and buildings, stability of people and vehicles,
structural damage to buildings (see, e.g., Arrighi et al., 2015; Garrote et al., 2016; Kellermann et al., 2015;
Kelman and Spence, 2004; Kreibich et al., 2009; Maiwald and Schwarz, 2015; Martinez-Gomariz et al.,
2018; McBean et al., 1988; Milanesi et al., 2018, Postacchini et al., 2021). Therefore, the development of
models that include water velocity as an input parameter is expected to reduce flood damage variance with
respect to the widely used depth-damage curves (e.g., Pistrika and Jonkman, 2009; De Moel and Aerts,
2011).

2.1 A lumped impact parameter for measuring the flood hazard

We combine the water depth, Y, and flow velocity, U, into a single lumped parameter, named W, so as
to express the relative damage as a univariate function, RD = RD(W). The parameter W is then meant to
measure the intensity of the hydrodynamic conditions that effectively produces the damage (Aureli et al.,
2008). The way in which Y and U combine to form W depends on the kind of exposed items and on the
damage process under investigation; therefore, the impact parameter W is expected to assume a form that

is object- and process-dependent.

From a deterministic point of view, common parameters that combine flow depth and velocity are flow

energy per unit weight, H, and momentum per unit width and weight, M
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where g is gravity and F = U(gY)~%/2 the Froude number. Noting the similarity between these two

expressions, we propose to use a general impact parameter W in the form

a

(1) (1+ BF?) with Y, >0, a=1, =0 (3)

w
Yw

in which Yw is a reference depth that scales the actual water depth Y, and o and S are two calibration factors
that measure the relative importance of the static versus the dynamic component of W. Through a proper
choice of the two calibration factors, W can express the physically relevant concepts of water depth, Y (with
a=1and g =0), of flow energy, H (with « = 1 and g = 0.5), and of momentum, M (with o = 2 and g = 2).

Thereby, « and  change the nature of W among depth, energy, and force (momentum).

The key idea is that, with suitable calibration factors « and f, iso-W lines in the U-Y plane can identify
different flow conditions that are equivalent in terms of damaging potential for specific categories of objects
and process; the goal can be achieved as the structure of W is able to resemble the physics of the damage
process. Advantages of using the impact parameter W include: W is non-dimensional, it increases
monotonically with the damage, and can be arbitrarily scaled through a proper choice of the reference depth,
Yw (for example, W can conveniently range from 0 to 1). The use of W reduces the dimensionality of the
problem and allows for an immediate and intuitive assessment of the hazard degree. In addition, the use of
a lumped parameter for identifying the hazard intensity makes the relative damage functions simpler, non-

dimensional, and more elegant.

How the calibration parameters o and f affect the meaning of W is shown in panels (a)-(c) of Figure 1
where, for Yw = 1 m, three isolines for W= 0.1, W= 0.5, and W = 1, are plotted in the U-Y plane. Figure 1a
(8 = 1) shows that by increasing « the static part of W plays a more important role: the isolines reduce their
slope and the impact of velocity is lower. Figure 1a shows that iso-W lines move upwards with increasing
a; as a general rule, o = 1 makes W a good indicator when damage is essentially produced by wetting (i.e.,
water depth or energy are most involved), whereas a ~ 2 is best suited when damage or loss are mainly

produced by dragging (i.e., static and dynamic forces are most involved). Figure 1b (« = 1) and Figure 1c
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(o = 2) show that increasing values of § correspond to an increasing role of flow velocity since iso-W lines

become steeper, whereas f —0 reduces W to a static parameter depending only on the water depth.
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Figure 1. I1so-W lines for different values of the parameter « (2), f with a =1 (b) and g with a =2 (c). (d)
Experimental data and W = 1 isolines representing the upper limit for stability of people (black line and
dots) and vehicles (green line and dots) exposed to floods (details on data in Sect. 3); the set of parameter

for W = Llisolines are Yw =1.25m, o = 2.0, # = 4.0 for people and Yw = 0.9 m, a = 2.0, $# = 0.6 for vehicles.

The calibration factors of W can be assessed by developing physical models of the damaging process
and by analysing critical damaging conditions. A further fine tuning of model parameters might stem from
the comparison with available field or lab data.

Here we present a brief overview of the approach; details on the method and data are given in Section

3. Let’s consider, for example, the case of people and vehicles exposed to flood flow. Both these categories

of objects are subject to dragging, which is a matter of forces. This suggests choosing a ~ 2 as for the

momentum equation (2) (Kvocka et al., 2016). Physics-based models, as those by Arrighi et al. (2015, 2017)

and Milanesi et al. (2015, 2019), provide instability conditions that can be represented by W=1 iso-lines,

leading to Yw =1.25m, a = 2.0, 5 = 4.0 for people and Yw = 0.9 m, a = 2.0, # = 0.6 for vehicles. Figure 1d
6
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shows, in the U-Y plane, extreme hazard conditions for people (black dots) and vehicles (green dots)
exposed to floods, corresponding to the stability loss. The arrangement of dots clearly shows that limit
conditions exist in terms of maximum resistance to flood, for both people and vehicles; these limit
conditions correspond to relatively large water depths when the flow velocity is low, and to relatively
shallow water depths when the flow velocity is large. In the same Figure 1d, the W = 1 isolines described
above (black and green lines for people and vehicles, respectively) envelop well the available experimental

data, confirming the proper parameterization.

This simple example shows the capability of the impact parameter W of describing extreme hazard
conditions of items that behave quite differently from one another. The very different values of £ needed to
fit the experimental data prove the different role played by water depth and flow velocity for people and

vehicles gquantitatively, providing useful insights for risk management.

2.2 The method to derive relative damage functions

Once the hazard conditions are assessed through the lumped impact parameter W, the second point is
relating W to the damage. In other words, continuous functions providing the relative damage or the
probability of off-events should be determined for any value of W.

The method to construct the relative damage function is based on the correspondence between iso-W
and iso-RD lines (this correspondence descends from the fact that RD = RD(W) is a univariate function).
For progressive damage processes, the structure of the impact parameter W is determined to make iso-W
lines matching the shape of iso-RD lines; then, a set of couples (W, RD) is easily found. For on-off processes,
the tuning of W is based on the knowledge of hazard conditions related to off-events, which corresponds to
RD =1 conditions; the relative damage is then given by the cumulative frequency distributions (CFD) of
W associated to the off-events. Finally, (W, RD) couples or discrete CFDs can be suitably approximated to

provide the relative damage functions.

3 Applications

In the present section, the lumped impact parameter W and the procedure to construct the relative
damage functions are applied to three cases of practical interest. Given that the definition of relative damage
and its assessment slightly differ when considering on-off or progressive damage processes, we analyse the
stability of people and vehicles for the first type of process, and the damaging of buildings for the second
one. These applications are only aimed at describing the use of the impact parameter W and the method to
assess relative damage functions, showing both the advantages and the limitations of the proposed

approach.
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3.1 Stability of people in floodwaters

3.1.1 Impact parameter W

Vulnerability of people due to stability loss in flowing water can be seen as an on-off process. The
resistance of people to flowing water depends on different aspects such as age, sex, weight, height,
experience (Lind et al. 2004). This suggests that different relative damage functions can be defined
according to the sub-categories of people considered. However, as long as the impact parameter W is able
to capture the physical mechanisms of damage, which is the same for any individual, a unique structure of
W, given by a set (Yw, a, f8), can be defined for the whole population (see Appendix A). Relative damage
functions for sub-categories can then be defined by considering different values for the impact parameter.

Here, for simplicity, we consider only two broad sub-categories, namely adults and children.

(=

-
)
Hp

Figure 2. Schematics of forces acting on a human body exposed to floodwaters.

Assuming the loss of balance as full damage condition, the calibration factors of W are estimated
starting from a physical point of view considering the stability of a human body in floodwaters. Referring
to a simple instability model (Figure 2), the forces acting on a human body are (Milanesi et al., 2015; Wang
and Marsooli, 2021; Xia et al., 2014a):

Drag D =~ pCpowYU?

. _1 5
Lift L= 2pCLWYU ()

Weight G = ppg(Hpwb)

Buoyancy B = pg(Ywb)
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where p and pp are the water and body densities, Cp and C. are the drag and lift coefficients, H, the body
height measured at shoulders, w the frontal body width, and b the average length of the body in the flow

direction.

Instability may occur by toppling or sliding mechanisms, depending on the Froude number (Arrighi et
al., 2017). Here we focus on sliding instability, typical of lower depths and higher flow velocities, but
similar reasoning applies to toppling mechanism. The critical stability condition for sliding is

D=(G-B-Ly 5)

where  is the friction coefficient. Using Egs. (4) and solving Eq. (5) for the squared velocity, we obtain

2gbu (HP )
2 g7 (2 1
The W = 1 isoline for people is easily obtained from Eq (3) to read
2 _9Y (Y_W)a _
U= 3 [ v 1 (7

Comparing Egs. (6) and (7), we find @ =2 and Yw = Hp; in fact, with these parameters, Eq. (7) can be

rewritten as

o =) | ) )2

Combining, Egs. (6) and (8) to eliminate U2, we find

(9)

g = Cp +;1CL(HP+Y)
T 2u b

The parameter 8, which multiplies the Froude number in Eq. (3), controls the relative importance of
the dynamic component of W; it plays a role when the Froude number is relatively high, and becomes
irrelevant in the limit F—0. Accordingly, a significant estimate of  can be obtained in the limit F—oo,

which corresponds to Y—0. In this case, Eq. (9) provides

:CD +;1CLH

B T (10)
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Considering a drag coefficient, Cp, in the range 1.0-1.2, a lift coefficient C. ~ 0, a friction coefficient
winthe range 0.3-0.5, and the lengths b = 0.25-0.35 m and Hy, = 1.20-1.50 m, the calibration factor f varies
in the range 3.0-7.0 for adults.

Then, the best values of Yw and £ can be found based on available experimental data. Indeed, many
theoretical and experimental studies are available in the technical literature concerning the stability of
people exposed to flood waters. The variety of data obtained from different experiments does not represent
real flooding conditions, yet it allows for a robust evaluation of the limiting condition for the stability of
people exposed to floodwaters. Figure 3 collects data from the studies by Foster and Cox (1973), Abt et al.
(1989), Takahashi et al. (1992), Karvonen et al. (2000), Yee (2003), Jonkman and Penning-Roswell (2008),
Russo et al. (2013), Xia et al. (2014a), Milanesi et al. (2015), Chanson and Brown (2015, 2018), Martinez-
Gomariz et al. (2016), Milanesi et al. (2016), and Arrighi et al. (2017). Such data can be considered
sufficiently homogeneous and representative of different sub-categories of individuals at the same time, as
they all refer to loss of stability in a variety of physical and boundary conditions and at the first attempt,
i.e., when the person exposed to the flow does not have any experience. The latter condition is the reason
why the dataset from Abt et al. (1989), although reported in the figure, is not accounted for in assessing the
curves; in fact, the purpose of the experiments performed by Abt et al. (1989) was to identify the absolute
limit of stability of people that, being tested several times in similar conditions, learned how to cope with
floodwaters.

1.6
- Abt et al. (1989) ® Foster & Cox (1973)
O Takahashi et al. (1992)
Y (m)- < Karvonen et al. (2000)
W & Yee (2003)
=7 O Jonkman & Penning-
1.2 4 ° Rowsell (2008)

V¥/\ Russo et al. (2013)
A/ Martinez-Gomariz
et al. (2016)
5= Milanesi et al. (2016)
> Chanson & Brown (2018)

1.0 —

0.0 I | I |
0 1 2 3 U (m/s) 5

Figure 3. Experimental data and iso-W lines for instability of adults (black line and open symbols) and

children (green line and symbols).
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We choose the isoline W=1 to represent the upper limit of the off-events detected in all the
experimental data of Figure 3 (i.e., Wuwm = 1 identifies the critical condition for the most resistant items in
the whole category). By adjusting the model parameters, we find Yw = 1.25m, o = 2.0, and = 4.0, which
corresponds to the black iso-W line in Figure 3. It is worth observing that, with these values of « and S, the
impact parameter W identifies momentum as the main damage determinant, in line with the underlying

physical processes (i.e., dragging).

The upper limit in Figure 3, as well as the values chosen for (Yw, a, f), are dictated by the resistance
of the adult sub-category. As previously noted, the vulnerability of sub-categories should be characterized
by lower values of the impact parameter, yet with the same parameter structure, i.e., by keeping Yw, a, and
p fixed. The critical threshold W™ for the k-th sub category is then a fraction of the critical impact

parameter of the reference (most resistant) sub-category, Wyim, according to

(11)

W]é,IM (ka)a
WLIM

_YW

The above relation (see Appendix A) means that the critical value for the k-th sub-category, Wi-'™,
depends only on the physical parameters describing the k-th sub-category (i.e., on Yw), and it is independent
of hydrodynamics. Figure 3 shows that the limit condition for children (younger than 18 years old) is well
described by the W = W,-™ = 0.35 isoline (green line).

3.1.2 Relative damage functions

The second step consists in assessing the relative damage functions, according to the method outlined
in Sect. 2.2. A sufficiently large and representative sample of off-conditions should be considered. For the
case of people stability, a rich experimental dataset is available (Figure 3). From each pair (U;, Y;) of the
off-events, the associated value of W; is computed using Eqg. (3). The cumulative frequency distribution of
Wi for the two sub-categories, plotted in Figure 4a, gives the relative damage curve, i.e., the probability to
fail, for each single individual belonging to a given sub-category.

It is often convenient to interpolate the discrete cumulative distributions inferred from the data with a
continuous function to express the relative damage. Among the possible forms, a simple and effective
expression is

RD(W) = (12)

1+ (a/W)b

11
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Figure 4a compares the relative damage functions obtained for the two sub-categories; note that this is
possible only because the hydrodynamic hazard is described by the same impact parameter. For the case of
people, a good fit of the discrete data is found using Eq. (12) with a = 0.25 and b = 6 for children (green
line in Figure 4) and a = 0.6 and b = 5.0 for adults (black line in Figure 4).
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Figure 4. a) Cumulative frequency distributions of off-events for children (green) and adults (black) based
on data of Figure 3, approximated with Eq. (12) to provide the relative damage functions. b) Examples of

relative damage functions for different age distribution of people.

Thanks to the use of a single impact parameter to describe the hydrodynamic hazard for different sub-
categories, the corresponding relative damage functions can be combined to provide a unique function for

the whole category, as a weighted average of the sub-category relative damage functions:
N
V) =) g1 (13)
j=1

where N is the number of sub-categories, gj is the percentage of objects belonging to the j-th sub-category,

and V;j(W) is the associated relative damage curve.

For example, one can easily derive the relative damage functions for population living in countries
with different distribution of children and adults (e.g., the proportion of children is larger in Asian than in
European countries), or for people that typically frequent different districts of a city (e.g., the fraction of
children is different in industrial and school areas, making school areas more vulnerable). An example is
shown in Figure 4b where, starting from the relative damage functions for adults and children (green and
black lines), we compute the relative damage functions for the Italian population (orange line) considering
16% of children and 84% of adults according to ISTAT (2020), for an industrial area assuming 5% of

12
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children and 95% of adults (blue line), and for a school area assuming 80% of children and 20% of adults
(light green line).

3.1.3 Comparison with previous approaches

Comparing the proposed approach with previous ones provides some interesting insights. Indeed, some
formulations have been previously proposed both in the scientific literature and in flood-risk manuals to
express flood damage for people in terms of a single hazard parameter, which combines flow depth and
velocity (e.g., AIDR, 2017; BWW, BRP, BUWAL, 2008; Cox et al., 2010; De Moel et al., 2009;
Ramsbottom et al., 2006; Smith et al., 2014). In these works, damage is classified with the use of thresholds
that provide qualitative descriptions of vulnerability rather than quantitative measure of the expected
damage. Unfortunately, the use of dimensional parameters and of thresholds that are based on empirical
evidence, led to damage definitions lacking a clear meaning or with a weak physical constitution; the
significant discrepancies among the degree of damage predicted by different formulations, as detailed in

the following, are signs of these weaknesses.

For example, Ramsbottom et al. (2006) introduced the Hazard Rating index HR =Y (U+0.5) and
defined four ranges of HR corresponding to four qualitative probabilities of damage: low (HR < 0.75),
moderate (0.75 < HR < 1.25), significant (1.25 < HR < 2.5), and extreme (HR > 2.5). Cox et al. (2010) used
the Product Number PN = U-Y to identify the same four classes of damage probability (thresholds for PN
are 0.6, 0.8, and 1.2 m?/s), with additional conditions entailing the extreme damage probability when either
U > 3.0 m/s (for both adults and children), Y > 1.2 m (for adults), or Y > 0.5 m (for children).

In order to compare the two above classifications, we compute the values of HR and PN for pairs (U,
Y) in the range 0 <U <5m/s and 0 <Y < 2.5 m and check for the agreement between the associated risk
classes. The results are reported in Figure 5a for adults and in Figure 5b children: shaded areas denote the
domain of all possible PN and HR; the grey and the coloured areas mark agreement and disagreement
between the two approaches, respectively. Consider two examples of the damage probability for adults: the
couple (U=3m/s, Y =0.2m) leads to HR = 0.7 and to PN = 0.6, both corresponding to the low class (the
two criteria agree, this point falls in the grey area of Figure 5a); on the other hand, the couple (U = 3.1 m/s,
Y =0.2 m) leads to HR = 0.74 (low) and to PN = 0.64 (extreme because of U > 3 m/s), i.e., the probability
of damage is three classes higher using PN rather than HR (this point falls in the dark red area in Figure
5a).

For the children sub-category, the classes of damage are three (moderate and significant are merged).
By looking at Figure 5b, for children there are hazard conditions corresponding to moderate/significant
damage using HR and to extreme using PN (large yellow area), and even worse, low damage probability

using HR and extreme using PN (orange area). A partial reason for the above differences could be found in
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the use of the Abt et al. (1989) dataset to determine the HR thresholds (Ramsbottom et al., 2006). The lack
of a proper physical base of the above criteria likely played a role as well.

(a) (b)
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Figure 5. Comparison between two approaches of damage probability assessment for adults (a) and
children (b) exposed to floods: the HR index by Ramsbottom et al. (2006) and the PN index by Cox et al.

(2010); grey areas identify either mutual agreement, coloured areas different degree of disagreements.

A comparison of the impact parameter W with the HR and PN criteria for assessing damage probability
of adults (black lines and symbols) and children (green lines and symbols) is shown in Figure 6; the isolines
corresponding to extreme conditions according to the different criteria are superposed to the experimental
data. As observed, the iso-HR lines tend to overestimate the actual stability conditions whereas the iso-PN
lines fit the experimental data very well for flow velocities between 1 and 3 m/s. Yet, for the lowest and
highest velocities, the iso-HR and iso-PN lines are not physically sound; for example, when U = 0 m/s, the
HR approach predicts extreme conditions only for a water depth greater than 5 m, which is a very large
value in real flooding events (indeed, for the case U = 0, the extreme limit HR=2.5 correspondsto Y =5 m;
Kvocka et al., 2016).

The PN approach excludes unrealistic results thanks to additional thresholds (horizontal and vertical
dashed segments in Figure 6b). Nonetheless, the upper limit of U = 3 m/s seems too much clear-cut, since

some experimental data lay well beyond.

Interestingly, the iso-W lines, with suitable calibration factors, well envelope the available

experimental data and are consistent with the common sense as well.
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Figure 6. Stability conditions of adults (black) and children (green): experimental data (dots) and hazard
threshold corresponding to extreme damage probability according to iso-W (solid lines), iso-HR (dashed

lines in panel a) and iso-PN lines (dashed lines in panel b).

3.2 Stability of vehicles in floodwaters

A second application of the method to on-off damaging processes, involving vehicles, is shortly
presented. As for the case of people, instability of vehicles in floodwaters occurs due to a sliding mechanism
caused by drag. The physical problem is slightly complicated for the presence of the gap between the car
and the ground (Martinez-Gomariz et al., 2018; Milanesi and Pilotti, 2019; Xia et al., 2011) and uncertainty
about watertightness of vehicles (Bocanegra et al., 2020). Many studies in the technical literature relate the
on-off damaging condition of vehicles in flowing water to the (in)stability condition of the vehicle (Figure
7 collects data from Bonham and Hattersley, 1967; Gordon and Stone, 1973; Keller and Mitsch, 1993;
Kramer et al., 2016; Martinez-Gomariz et al., 2018; Martinez-Gomariz et al., 2019; Milanesi and Pilotti,
2019; Oshikawa et al., 2011; Shand et al., 2011; Shu et al., 2011; Smith et al., 2019; Teo et al., 2012; Toda
ed al., 2013; Xia et al., 2011; Xia et al., 2014b). Within the vehicle category, we consider three different
sub-categories: small-to-medium cars, medium-to-large cars, SUVs and VANSs. The last category is taken

as reference since it is the most resistant.

Here, to determine the calibration factors of W, it is more convenient to adopt a data-driven procedure,
which considers the physics of the problem as well. Since the instability is drag driven, a reasonable choice
for the parameter ais 2, so that the static contribution to W corresponds to the hydrostatic force. To fit the
upper limit of stability of available data with a W = 1 iso-line, suitable values of the model parameters are

Yw=0.9mand $ =0.6. These values correspond to the most resistant VANs and SUVs.
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The limit stability conditions for the weaker sub-categories are well described using the same values
of Yw, a, and g, by isolines characterized by lower values of W; specifically, W = 0.50 for medium-to-large
and W = 0.35 for small-to-medium vehicles (Figure 7). The fact that the same structure of the impact
parameter W allows to describing the limit conditions of different sub-categories confirms that the physics-
based and flexible structure of W well captures the key aspects of the damage production of items within a

given category.
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Figure 7. Experimental data and iso-W lines for instability of small-to-medium vehicles (green line and

symbols), medium-to-large vehicles (red line and symbols), SUVs and VANs (black line and symbols).

The cumulative frequency distributions for each sub-category (Figure 8) are evaluated using the data

of Figure 7, and are interpolated with continuous relative damage functions using Eq. (12).

3.3 Damage of buildings

The procedure for assessing the vulnerability of objects subject to progressive damage is slightly
different from that of on-off damage processes. To show this, we use damage to residential buildings as an
example. Experimental data on damage to buildings are scarce in the literature, often refer to on-off damage
processes (i.e., the collapse of buildings) and are unsuitable for the objective of the analysis, as they usually
express damage in absolute terms, rarely report information about flood velocity, and do not contain enough

information on building characteristics, hampering their classification in classes of similar “resistance”. For
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these reasons, we base our analysis on relative damage data (RD) provided by the synthetic damage model
INSYDE (Dottori et al., 2016; Molinari & Scorzini, 2017). INSYDE is a synthetic probabilistic flood
damage model based on a component-by-component explicit cost analysis, and it is especially appropriate
for our aim, as it considers the role of many hazard variables in shaping damage (including water depth and
flow velocity), as well as the main characteristics of buildings that determine their propensity to be damaged

in similar ways.

1.2
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Figure 8. Cumulative frequency distributions for vehicle sub-categories and associated relative damage
functions by fitting Eq. (12) for small-to-medium cars (green, a = 0.60 and b = 6.0), medium-to-large cars
(red, a=0.35and b = 6.5), SUVs and VANSs (black, a = 0.24 and b =5.2).

Here, we consider residential buildings with standard Italian features and geometry; the variables
“building structure” and “number of floors” are allowed to vary, forming four sub-categories of buildings
(i.e., reinforced concrete or masonry buildings, with 1 or 2 floors). The flood duration is assumed constant,
i.e., 6 h, whereas sediment and contaminant loads are neglected in order to evaluate only the dependence
of damage on water depth and velocity. In detail, for each sub-category, the INSYDE model is forced with
a set of (U, Y) input data to generate a set of (U, Y, RD).

The first step for the definition of the damage model is determining the structure of the impact
parameter W, i.e., finding suitable values of Yw, a, and 5. Recalling the link between iso-W and iso-RD lines
in the (U, Y) plane (Sect. 2.2), the set of (U, Y, RD) triplets provided by the INSYDE model allows
identifying iso-RD lines in the (U, Y) plane, which makes the procedure more robust than for on-off damage
processes. Since RD = 100% points in the (U, Y) plane are generally not available for objects subject to
progressive damage (total damage entails extreme, thus rare, forcing conditions), matching the RD = 1 limit
condition with W = 1 isolines makes little to no sense. A sensible choice must be done to define, for each

sub-category, the value of RD associated to W = 1. This value becomes a sort of reference relative damage
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and, differently from the case of on-off data, values of W > 1 can be expected for high hazard conditions.
We then set Yw equal to the physically meaningful threshold Yw = 3.5 m, which corresponds to the typical
height of the first floor in Italy. Of course, choosing Yw equal to the first-floor height is just one of the

possible choices.
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Figure 9. a) RD = const. point data obtained for two-storey masonry buildings as provided by the INSYDE
model, then interpolated with iso-W lines with « = 1 and # = 0.3. b) Relative damage functions for the four
building sub-categories: single-storey (dashed lines) and two-storey (solid lines), concrete (grey) and
masonry (red) buildings.

Proper values of the o and S factors can then be found by making the shape of iso-W and iso-RD lines
as similar to each other as possible. In doing so, the analysis of the damage mechanisms can be of further
support. For the case under investigation, physical reasoning suggests choosing a =1, as damage to
buildings is mainly due to wetting, which depends on water depth (and flow energy) rather than on flow
force (Gems et al., 2016). Moreover, for U = 0, the impact parameter W reduces to a non-dimensional
measure of the water depth Y (scaled with the first-floor height). The best fit of data provided by INSYDE
then leads to a suitable value of 5. Figure 9a displays the results obtained for the case of two-storey masonry
buildings. For this sub-category, we obtain £ = 0.3, a relatively low value that confirms the marginal role
of flow velocity and locates the structure of W between water depth and specific energy (Leelawat et al.
2014; Kreibich et al., 2009; Scorzini et al. 2017). Looking at Figure 9a, where the different symbols
represent RD = const. conditions, the dependence of RD on the flow velocity, U, seems not well captured
by iso-W lines. The reasons are manifold: the flow velocity naturally plays a minor role in building

damaging than for items subject to instability; furthermore, the INSYDE model contains simplifications
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and idealizations that include the linearization of processes and the use of internal thresholds (e.g., the value
of U becomes irrelevant from 2-3 to 5 m/s).

Associating iso-W and iso-RD lines provides couples of (RD, W) for each sub-category; the
interpolation of these points with a monotonically increasing relationship, such as Eq. (12), gives the
relative damage function (Figure 9b). As for the previous cases, the relative damage functions for different
kinds of buildings can be compared on the same plot; this is because hazard conditions are described by a

structure of the impact parameter W that is shared by all the sub-categories here considered.

In order to verify the effectiveness and accuracy of the proposed procedure based on the impact
parameter W, we generate random values for (U, Y) pairs with 0<U <5m/s and 0 <Y <5m. We then
compute the corresponding values of relative damage using both the INSYDE model and compare the
results with the corresponding relative damage values provided by the relative damage functions of Figure
9b for the two-storey masonry building sub-category. The comparison, reported in Figure 10, show a good

agreement, with a correlation coefficient R2 = 0.95.
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Figure 10. The relative damage predicted by the INSYDE model, RDinsvoe, Versus the one computed with
the proposed procedure based on the impact parameter W, RDw.

4 Discussion

The idea of combining the water depth and velocity to express flood hazard is not new. Functional
relations involving flow depth and velocity (or, equivalently, the Froude number) are the typical outcome
of physics-based studies for flood loss of people and vehicles (e.g., Arrighi et al.,2015, 2017; Jonkman and
Penning-Roswell, 2008; Lind et al., 2004; Martinez-Gomariz et al., 2016, 2019; Milanesi and Pilotti, 2019;

19


https://doi.org/10.1016/j.jhydrol.2022.127485

Journal of Hydrology, 2022 — Accepted paper — https://doi.org/10.1016/j.jhydrol.2022.127485

Milanesi et al., 2015; Postacchini et al., 2021; Shu et al., 2011; Smith et al., 2019; Xia et al.,20144a, 2014b).
Aureli et al. (2008) introduced the total depth D = Y+/1 + 2F2, which includes the effect of flow inertia

and represents the water depth at rest whose static force is equivalent to the total force of the flow.
Combined with the outcomes of hydrodynamic models (Ferrari et al., 2019, 2020), the total depth provides
a spatially distributed picture of the hazard degree that is particularly significant for items subject to
dragging (i.e., when loss is a matter of forces). Kreibich et al. (2009) explored the dependence of flood
damage on different parameters involving flow depth and velocity, concluding that the choice of the “best”
parameter(s) depends on the kind of items considered. Among these parameters, the product of flow depth
and velocity, Y-U, known as flow intensity (Kreibich et al., 2009), Product Number (Cox et al., 2010), or
flow magnitude (Arrighi et al., 2020), found widespread applications in the loss assessment of people and
vehicle in floodwaters (e.g., AIDR, 2017; Costabile et al., 2020). A quite similar index is the Hazard Rating,
HR =Y (U+0.5), introduced by Ramsbhottom et al. (2006) and commented in previous Section 3.1.3. As an
important aspect, many of the above impact parameters need to be complemented by specific thresholds
which apply to basic quantities. A notable example is the Y-U product number, which does not represent
any physically relevant principle and requires thresholds on both water depth and velocity to provide a
measure of the risk degree in general conditions (AIDR, 2017; Cox et al., 2010).

The multifaceted picture of functional relations and impact parameters cited above suggests: i) need
for specific impact parameters to capture the damage processes of different kind of exposed items; ii) the
fragmentation of approaches, methods and outcomes deriving from a wealth of valuable studies dealing
with specific object categories, with a lack of common vision; iii) some inconsistencies that are the
unavoidable consequence of fragmentation or insufficient physical foundation (of which the extensive use
of thresholds is a symptom). These three factors act to limit the general applicability of previous methods
and, in some cases, their robustness as well. While the first one is intrinsic of the problem, the last ones

deserve further attention. The method we propose is a step in these directions:

e the impact parameter W is non-dimensional, thus expressing a degree of hazard independent of specific
dimensions. If opportunely scaled, it provides an immediate measure of the hazard degree, also when
hazard is determined by particular combinations of both water depth and flow velocity. This allows for

an enhanced comprehension of damage causes and processes;

o the impact parameter W is flexible, hence capable of representing various damage mechanisms within
a common frame. As shown in the above applications, this allows encompassing and complementing
previous works on flood vulnerability, which included water depth and velocity as explanatory

variables. Indeed, previous studies and analysis can be recast in a general, common framework that
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allows obtaining elegant, single-variable relative damage curves for item categories subject to either
progressive or on-off damage;

e the impact parameter W has a physical foundation, as it ranges between the concept of energy and
momentum, and it can be fitted to available experimental and field data effectively without the need of
additional thresholds. This is expected to enhance the robustness of damage predictions, also with
respect to high-dimensional multi-variate models that can be ill-conditioned in case of scarce data
(Carisi et al., 2018; Merz et al., 2013; Wang et al., 2015).

The applications shown in Section 3 proved that a given structure of the W parameter (i.e., a couple of
parameters o and 3) allows capturing the mechanisms of damage for categories of objects that share the
same nature (e.g., people, vehicles, etc.) and are exposed to the same damage process. Thus, a single
structure of W can be used to express the hazard degree of different sub-categories that group objects
characterized by different resistance. This allows comparing the vulnerability of different items belonging
to the same category, and to express the vulnerability of a category depending on its composition by weight-
averaging the relative damage functions of sub-categories. This is particularly useful for comparing
different vulnerability contexts and facilitates the evaluation of absolute (or total) damage when exposure
is uniform within the different sub-categories. In other words, the use of W allows expressing the hazard
degree as a function of a single parameter, thus enhancing the intelligibility of hazard information and
simplifying damage assessment.

Another remark regards the vulnerability of buildings. We applied the proposed procedure considering
the progressive damage caused by wetting, which is the most challenging application because of the
structure of the impact parameter W and of the marginal role played by flow velocity. This choice was
aimed at testing the flexibility of W. Better results are expected from the application of W to the case of
building stability, which can be undermined as a result of flow drag and buoyancy (Black, 1975; Mazzorana
et al., 2014). The physics of the problem shares fundamental similarities with the loss of stability of people
and vehicles in floodwaters. Indeed, the shape of stability thresholds for buildings (Dale et al., 2004;
Middelmann-Fernandes, 2010; Bignami et al., 2019), is very similar to the W-isolines obtained in Sect. 3.1
and 3.2.

A common aspect that can be observed in many studies on flood risk for on-off items is the lack of
fragility curves describing the actually gradual variation of the loss probability with the hazard degree. In
some cases, the assessment is limited to hazard degree thresholds (e.g., Middelmann-Fernandes, 2010);
often, the probability of loss is expressed by means of classes (e.g., Cox et al., 2010; Kvocka et al., 20186,
Ramsbottom et al., 2006), which makes difficult to obtain quantitative results (e.g., expected losses).

Moreover, the identification of these classes is based on empirical considerations. In other cases, flood

21


https://doi.org/10.1016/j.jhydrol.2022.127485

Journal of Hydrology, 2022 — Accepted paper — https://doi.org/10.1016/j.jhydrol.2022.127485

hazard rating is assumed to vary linearly with the ratio of the actual flow velocity to the incipient velocity,
i.e., the velocity at which person loses stability in floodwater (Kvocka et al., 2016), but the real
correspondence between hazard rating and fragility remains unknown. The method we proposed to derive
fragility curves (Section 2.2) allows expressing the loss probability explicitly. It is based on the knowledge
of a set of loss conditions, derived either from experimental/field data, or from physics-based models forced

with a representative set of input data (e.g., for varying characteristics of exposed items).

A future development regards the inclusion of other variables within the impact parameter. An example
is the wind velocity, that can contribute to human’s vulnerability as demonstrated in the recent study on
storm-induced coastal flooding by Wang and Marsooli (2021). Another important aspect that needs to be
considered is the forcing duration, which in fact deserves a particular attention; damaging develops in time,
and the rate at which damage develops depends on the time variation of the forcing factors. On one hand,
hydrodynamic models able to provide a spatially explicit, detailed, and accurate temporal evolution of water
depth and flow velocity in flooded areas at local and regional scales are now largely available (e.g., Ferrari
et al., 2019; Ferrari & Viero, 2020; Lacasta et al., 2014; Sanders & Schubert, 2019); on the other hand,
expressing the hazard degree with a single impact parameter is beneficial to describe time-dependence of
the damage.

5 Conclusions

In the present study, a procedure is outlined to assess flood relative damage functions based on one
single impact parameter describing the hydrodynamic action. The proposed impact parameter, W, has a
physics-based, flexible form that allows estimating the flood hazard degree for items subject to diverse
damaging processes. It is particularly useful when both water depth and flow velocity play a role in the
damage process. The application of the proposed impact parameter to assess the vulnerability to floods of
people, vehicles, and residential buildings, confirmed the flexibility of the formulation and showed

advantages of using a physics-based, explicit approach.

Relative damage functions are assessed through a data-driven procedure, which is based on the use of
either real data (both synthetic or experimental) bearing sufficient information on flood features (i.e., hazard
degree) and the damage to exposed items. After determining a suitable structure of the impact parameter
W, the relative damage functions are assessed in a probabilistic framework for on-off damage process like
those related to the stability of people or vehicles in flowing water, and with a deterministic fitting procedure
for progressive damage processes. Yet, the relative damage functions obtained through the two approaches

are equivalent for practical application purposes.
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Adopting the impact parameter W, traditional depth-damage functions and fragility curves are
enhanced by including the flow velocity as hazard determinant, and multi-variable damage functions are
reverted to simpler and more elegant single-variable, non-dimensional functions. Previous damage and loss
models can be recast in a unique, simple, and elegant form. The flexibility of the present formulation also
allows for an easy merging of physics-based reasoning and available data, which can result in enhanced

model robustness.

Appendix A. Impact parameters for different sub-categories

Here we derive, in terms of impact parameter W, the limit condition of full loss for different sub-
categories of exposed items. Without loss of generality, let us consider two sub-categories and start looking
at each sub-category as a single category. For the most resistant category, denoted as reference category,

eq. (3) defines the impact parameter for given Yw, a, and f:

a

W = (%) (1+ BF?) (14)

The full loss of items in the reference category is denoted by the limit condition W = Wym (for
simplicity, this limit can be thought as Wyim = 1). For the k-th weaker sub-category, taken individually, the

impact parameter is

W', = <L> (1 + BF?) = <Y—W> (L)a (1 + BF?) = <:—W> w (15)

YW k YW k YW Wi

In Eqg. (15), the parameters o and S remain the same as in Eq. (14), as the physics of damage process is
the same for the whole category. Again, Ywk is chosen to identify the sub-category limit condition of full
loss as W'k = Wuim. In this way, for a given flow condition (Y, F), the resulting impact parameter is different
for each sub-category; in particular, larger values are obtained for weaker sub-categories (i.e., W’y > W),
since Yw is smaller than Yw. This occurrence is indeed annoying; for example, it prevents plotting iso-W

lines of different sub-categories onto the same (Y-U) plane.

It is far more convenient to have a biunivocal correspondence between W and the flow conditions (Y,
F) for an entire category of similar exposed items. This is achieved by rescaling the impact parameter of
weaker sub-categories, W’y, by a factor (Yw/Yw)*, which corresponds to using a single reference depth,
namely Yw, for the whole category. The limit condition associated to the k-th sub-category, denoted with

Wi-™, is rescaled accordingly:
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)¢
ng“ M = (ﬂ) Wiim (16)

As a final result, for a given flow condition (Y, F), the impact parameter W is the same for different
sub-categories. For items belonging to the k-th sub-category, the hazard degree is then expressed by the
ratio W/W,-"™,
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