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ABSTRACT

Despite their catastrophic implications in flood events, the mobilization and transport of large, loose objects
—termed Urban Flood Drifters (UFDs)- are often overlooked in flood management. These objects are inherent to
anthropogenic activities, but are not designed to remain stable under flooding conditions, nor are usually
considered in flood risk studies. This oversight stems from our limited understanding of how flowing water
interacts with these heterogeneous objects. To bridge this knowledge gap, we introduce a mechanistic stability
model that predicts the onset of UFD mobilization across a diverse array of loose objects, from plastics to heavy
vehicles. We further enhance the reliability of our model by incorporating a Monte Carlo-based probabilistic
framework that accounts for uncertainties and interdependencies among the input parameters. Our results show
that plastic and other litter are the most mobile objects found in urban setups, being subject to incipient transport
under frequent floods. These are followed by wood (anthropogenic or natural) and urban furniture. Vans, car-
avans and recreational vehicles (RVs) can be more mobile than other light-weight vehicles in low-gradient areas,
whereas trucks and buses remain considerably more stable; although more hazardous, when mobilized. Con-
struction and metal debris are predominantly stable in low-slope areas. When integrated with flood maps or two-
dimensional (2D) hydrodynamic models, our stability curves can guide urban planning efforts to predict and
mitigate the impacts of UFDs during extreme flood events.
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D. Valero et al.

1. Introduction

Floods exert significant impacts on human life, economic stability,
environmental health, and cultural heritage (Hickey and Salas, 1995;
Jonkman and Vrijling, 2008; Hammond et al., 2015; Arrighi, 2021).
Between 2000 and 2019, floods affected 1.65 billion people globally,
resulting in over 100,000 fatalities (Browder et al.; United Nations,
2023). Floods account for more than half of the total damage attributed
to natural disasters since the 1980s (European Environment Agency,
2022). According to the World Economic Forum (2022), floods are one
of the top three most frequent and severe weather events, predicted to
displace over 200 million people by 2050 (Clement et al., 2021).
Particularly in the European Union, approximately two-thirds of the
aggregate damage caused by natural disasters since the 1980s can be
attributed to hydrometeorological events (European Environment
Agency, 2022). Moreover, a single flood event can yield direct costs
running into thousands of millions of euros (European Environment
Agency, 2022).

Low- and middle-income countries are acutely susceptible (Kahn,
2005), and even within countries with long tradition in flood defenses, a
disparity exists in flood protection preparedness across urban areas of
varying resources (Lindersson et al., 2023). Climate change, along with
alterations in land use, exacerbate the situation by amplifying the fre-
quency and intensity of floods (United Nations, 2020), thereby further
exposing humans to these disastrous events (Winsemius et al., 2018).

A critical yet underexamined aspect of floods is their ability to
mobilize Urban Flood Drifters (UFDs, Fig. 1), comprising loose objects
commonly found in urban settings (Bayon et al., 2023). The definition of
UFDs refers to objects that are essential to anthropogenic activities but,
that under high enough flows, can become part of the flood and increase
flood risk; see for instance the formation of a dike or the blocking of a
bridge in Fig. 1A and B, respectively. The resultant hazards range from
structural damage to buildings (Jalayer et al., 2018; Zhang et al., 2018)
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to the obstruction of critical flood relieving infrastructure (Kramer et al.,
2015; Davidson et al., 2015) and disruption of roads therefore affecting
emergency response (Pregnolato et al., 2017; Arrighi et al., 2019;
Argyroudis et al., 2019). Despite growing awareness of the role of UFDs
in floods (Dewals et al., 2021; Mohr et al., 2023; Ludwig et al., 2023),
this phenomenon remains largely underrepresented in urban flood
research and impact evaluations. Literature may have neglected this
phenomenon since understanding its dynamics is exceptionally intricate
and heavily reliant on case-specific scenarios. For selected UFDs, there
are studies on their incipient motion. Existing research has largely
concentrated on the stability of vehicles (Keller and Mitsch, 1992; Xia
et al., 2014) and trash containers (Martinez-Gomariz et al., 2020), often
under controlled, experimental conditions. As a consequence, several
models can be found in literature, able to predict the mobilization of cars
under flooding conditions (Arrighi et al., 2015; Martinez-Gomariz et al.,
2018; Milanesi and Pilotti, 2020; Bocanegra et al., 2020; Shah et al.,
2021), which have also been extended to trash containers (Martinez-
Gomariz et al., 2020) and pedestrians stability (Martinez-Gomariz et al.,
2016; Arrighi et al., 2017). Such mechanistic, laboratory scale studies,
have only recently been extended to incipient motion of plastic debris
(Waldschlager and Schiittrumpf, 2019; Goral et al., 2023; Mellink et al.,
2023), and their transport (Valero et al., 2022; Lofty et al., 2023).
However, a comprehensive hydro-mechanical framework to gauge the
mobilization and transport of the wider range of UFDs is still lacking,
thus limiting the precise forecasts of their impact in flood scenarios.
We observe that the mobilization flow conditions of UFDs can vary
significantly while the physics describing their inception of movement
are similar, provided that they are found loose. Our study aims to
develop a robust mechanistic model capable of addressing a broader
array of UFDs, as categorized in Table 1, and beyond the groups previ-
ously addressed in literature. By combining such a mechanistic model
with a probabilistic approach that relies on readily accessible catalogue
parameters, our model outlines the threshold conditions for flotation,

Fig. 1. Examples of UFDs categorized according to Table 1: A Sanliurfa, Turkey (credit: AFP, 2023), B Cedar Rapids, USA (credit: Roberson, 2008), and C Laishui,

China (credit: Getty Images, 2012).
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sliding, and toppling of various UFDs, considering simple flow variables
(depth h and depth-averaged velocity v). We evaluate the performance
of the model across different car types, based on prior studies on
vehicular flood instability. Furthermore, we analyze the attributes’ in-
terdependencies among different UFDs, enabling a realistic mathemat-
ical profiling of these objects. By adopting a Monte Carlo technique, we
account for uncertainties in estimating stability limit states, thereby
capturing the inherent variability associated with the onset of mobili-
zation of UFDs. The distribution of stability curves generated for each
group of UFDs can be coupled with hydrodynamic modelling to better
understand flood hazards.

2. Urban Flood Drifters and their key characteristics

Bayon et al. (2023) highlighted the diversity (Table 1) of UFDs in
urban environments following catastrophic flooding, which can be
grouped into two main categories: 1) typified UFDs, which correspond
to standardized items found in catalogues and are manufactured with
specific dimensions and weights, and 2) a heterogeneous mixture of
diverse shapes and weights (UFD-H). For the first UFD category, two
functional categories are discernible, namely vehicles (UFD-V) and
furniture (UFD-F).

Bayon et al. (2023)’s statistical evaluation reveals a considerable
prevalence of heterogeneous debris and drifters —including plastics,
construction debris, wood-, furniture (both public and private), and
even heavy vehicles. A review of this study and other investigations on
urban flooding (Mignot et al., 2019; Smith et al., 2019a; O’Donnell and
Thorne, 2020; Zevenbergen et al., 2020; Wing et al., 2022; Bates et al.,
2023; Sanders et al., 2023) indicates that the stability characteristics of

Table 1
Classification and grouping of UFDs based on the analysis of Bayon et al. (2023).
Category D Subcategory Description
Typified Vehicles Azt Two-wheelers Bikes, motorbikes and e-
UFDs (UFD-V) scooters.

V2 Cars Cars and other light four-
wheel vehicles designed to
transport of passengers.

V3 Vans Vans and other heavy four-
wheel vehicles designed to
transport materials and
stock.

\'Z Caravans & Vehicles designed to provide

RVs habitable space (RV:
recreational vehicle).

V5 Large heavy Vehicles designed to

vehicles transport a large amount of
people or goods (buses,
trucks, trains, boats, etc.).
Furniture F1 Urban Facilities designed to provide
(UFD-F) furniture a public service in streets
(bins, waste containers, etc.).
F2 Household Facilities from private front
furniture (and back) gardens that can
be carried by floods (tanks,
garden sheds, etc.).
Heterog. (UFD-H) DC Construction Debris that can be dragged
UFDs from construction sites or
damaged buildings.

DM Metal Metal debris, predominantly
of constructive origin
(sheets, pipes, etc.).

DP Plastic Plastics and textile objects of
small dimensions and
irregular shape.

DW  Wood Natural wood (trunks,
branches, etc.) and processed
wood.

DO Others Other drifters of uncertain

origin (food, tableware,
leaves, sediment, etc.).
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the majority of UFDs outlined in Table 1 remain largely unknown.

Earlier research frequently employed experimental setups, often
involving scale models of cars, to analyze stability curves. These curves
are derived from varying water depths and depth-averaged flow veloc-
ities under controlled hydraulic laboratory conditions (see, for example,
Kramer et al., 2016; Smith et al., 2019b, for 1:1 scale models).
Furthermore, theoretical models grounded in first principles have been
developed and calibrated against experimental data to predict unstable
conditions for specific car models (Xia et al., 2014; Shah et al., 2021) and
trash bins (Martinez-Gomariz et al., 2020). Following Martinez-Gomariz
etal. (2020) and Smith et al. (2019b), among others, we identify several
key characteristics of UFDs that influence their dynamics during flood
events:

1. The bounding box dimensions (Ly, Ly, L;, Fig. 2A-D), which tightly
contain a UFD, with L, denoting the longest horizontal length, L, the
shortest horizontal length, and L, the vertical height (floor-normal).

2. The total mass (M) of the UFD, which can be reciprocally defined
using the UFD’s bulk density (p;):

M

Py = v @

where V = L,L,L, is the enclosed volume of the UFD bounding box.

3. The submerged volume (V), which is defined as the volume
contributing to buoyancy when submerged up to a water depth h.
This is inherently smaller than V and is formulated as a fraction
thereof (see Fig. 2D and E):

,

14

T LiLh 2

fv(h)

This ratio closely resembles porosity, which is a concept previously
explored in stability models of cars (Bocanegra et al., 2020). A value of
fv = 1 suggests a fully water-tight cubic volume occupying the entirety
of the volume defined by L,Lh.

4. The flow-exposed area of the bounding box, given by A = L,h. For
two-wheelers like scooters and bikes, which are assumed to lie on
their sides (Fig. 2B), this assumption is based on the expectation that
during the initial stages of flooding, two-wheelers may often topple,
settling into a more stable, horizontal position.

5. The UFD effective drag area, which is the actual side area contrib-
uting to drag and is only a fraction (f4) of the flow-exposed bounding
box area (Fig. 2D and E):

A
fa(h) = L 3
Here, an f, value close to 1 implies that the UFD effectively obstructs
most of the water flowing through A, while an f, close to 0 suggests high

porosity, permitting free flow of water.

6. The drag coefficient Cp, which is a dimensionless factor that quan-
tifies how hydrodynamic the flow-exposed shape of the UFD is, and
affects the fluid’s drag force exerted on the effective area A"

7. The ground clearance z., which is the vertical distance from the floor
to the lower chassis in vehicles. Both f4 and fy may dramatically
change when water depth exceeds this clearance height.

8. The friction coefficient y, which quantifies the ratio of frictional to
normal forces between two contacting surfaces.

To address the complexity of these parameters for UFDs, we compile
a comprehensive inventory, presented and detailed in Appendix A, for
over 100 typified UFDs. This inventory utilizes data from online cata-
logues for dimensions and mass. For clearance height, an image-based
manual identification method is employed. We also adopt an image-
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V: volume of A: flow-exposed area of
bounding box bounding surface
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Fig. 2. Definition of the bounding box, with dimensions Ly, L, and L, over an UFD of types (A) UFD-F1 (urban fixture), (B) UFD-V1 (two-wheeler), (C) UFD-F2
(household equipment) and (D) UFD-V5 (large heavy vehicle). Definition of the bounding box’s total volume V (= L.LyL;) and submerged volume V (=

fvLxLyh), its bounding box flood-prone area A (= Lh) and submerged area exposed to the flow A (= faLxh), and its area fraction (fs) and volume fraction (fy).

based routine to estimate the effective drag area (A). This routine,
applied to publicly available side images of UFDs (sources detailed in
Supplementary Material), employs a binarization technique to extract
the silhouette of the UFD. The fraction f, is then calculated as the ratio
between this silhouette and the flow-exposed area, under the assump-
tion that the UFD is submerged to a specified water depth (Appendix A).
For parameters like drag coefficient and submerged volume fraction, we
either rely on empirically-derived values from existing literature or
make simplifying geometric assumptions. For UFDs of heterogeneous
composition, our estimates of physical parameters are based on
reasonable assumptions such as a range of densities and expected sizes
(full details and justification are included in Appendix A).

3. Mechanistic model
3.1. Limit states of stability

Aligned with previous studies (Keller and Mitsch, 1992; Smith et al.,
2019b; Martinez-Gomariz et al., 2020), we establish a framework that
considers the balance among four forces, drag (S,) versus friction (R),
buoyancy (S,) versus weight (R;), and two moments —toppling load (S,,)
versus toppling resistance (Ry;), as illustrated in Fig. 3 for a garbage bin,
on the previously commonly identified UFDs. These correspond to three
different limit states of stability. These states are associated to the types
of load (S) and resistance (R), as specified in Fig. 3B: i) flotation (S; > R,,
buoyant force exceeding weight), ii) sliding (S, > R,, drag force
exceeding the UFD-floor friction) and iii) toppling (S,; > Ry;, drag/
buoyancy moment exceeding friction/weight moment).

3.2. Flotation

When buoyancy forces surpass the weight of an UFD, the object starts
floating. For this failure mode, the destabilizing load (S;) can be esti-
mated as the buoyancy given by the Archimedes’ principle, with p,,
being the water density and g the gravity acceleration:

Sz = pwng (thLy) (4)

The counteracting force or resisting component in the flotation limit
state is the weight (mass M = p,L.L,L,, times gravity g):

R. =p,LL,L:g %)

A Destabilizing forces:
- Buoyancy S,
-Drag S,

Stabilizing forces:
- Weight R,
- Friction R,

Stabilizing moments:
- Weight X L, /2

Destabilizing moments:
- Buoyancy X y,
- Drag X z,

- _ —> Wsyz
<—pR R,
Flotation Sliding Toppling
S, =R, Sy=R, Syz=Ry,

Fig. 3. Definition of (A) stabilizing and destabilizing forces and moments, and
(B) limit states for the three destabilization modes.

3.3. Sliding

Sliding occurs when the drag force, acting in the y-direction, de-
stabilizes the UFD. This load can be estimated considering the UFD

effective drag area A = faLxh) and the drag coefficient (Cp):
S, = %pWCDfALxhvz (6)

The resisting component in this limit state is given by the contact
friction between the UFD and the floor, and can be expressed through
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the friction coefficient (u) as:

R, = H(R. —S) @)

which implies that, when the normal component cancels (R,—S;), the
horizontal also cancels (Ry,—0).

3.4. Toppling

Toppling may occur when the sum of destabilizing moments around
an axis is larger than the sum of stabilizing moments opposing them.
Taking the downstream rim of an UFD in the direction x as overturning
point (Fig. 3B) allows the estimation of moments:

S)’z = Syzp + S:yp 8

with 2, and y, as the lever arms at which forces S, and S, are applied,
respectively (Fig. 3A). These lever arms depend on the distribution of
pressures over the wet surface. We make a justifiable approximation by
considering:

Yo 2 Ly/2 ©)
and:

_[h)2 if h<z
Z”N{chr(hfzc)/Z if B>z aon

with the z, definition acknowledging that most of the flow impacts the
UFD over the level z., once it is submerged over the clearance height
(h > 2.).

The toppling resistance will be given by:

R,.=R.L,/2 11)

3.5. Limitations

The proposed mechanistic model ignores the destabilizing effect of
wind or the water mass that rain can contribute, which both may be
more important for small UFDs (for instance, plastics). It also ignores the
effect of adhesive forces, which can be relevant for very small particles.
No lift forces are considered, which are usually smaller than the drag,
according to previous studies on vehicles’ stability (Arrighi et al., 2015).
Besides, the flow is always assumed to impact the UFD on the largest
face exposed to the flow, and any interference of the flow with other
UFDs is ignored, for the sake of simplicity. This is a common hypothesis
in literature (Martinez-Gomariz et al., 2018; Bocanegra et al., 2020) but
does not consider, for instance, that UFDs may remain in the recircu-
lation region downstream of another UFD, or that the flow can be
channelled more intensely towards them.

4. Probabilistic framework
4.1. General remarks

Utilizing the classification scheme outlined in Table 1, we categorize
the properties of UFDs into three main groups: i) Vehicles (UFD-V), ii)
Furniture (UFD-F), and iii) Heterogeneous UFD (UFD-H). We also
incorporate all the subgroups presented in Table 1. This categorization is
useful because it allows us to define tailored ranges of realistic values for
all parameters used in the mechanistic model discussed in Section 3.

To identify realistic parameters for the UFDs, serving as inputs for the
mechanistic model detailed in Section 3, we conduct a comprehensive
examination. This examination draws upon various sources, as for
instance official commercial catalogues contingent on the specific model
of the typified UFDs under investigation. The survey of key properties —
covering those identified in Section 2- is further elaborated in Appendix
A and Supplementary Material, where all sources are included. For
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heterogeneous UFDs, we base our parametrization on a comprehensive
literature review, complemented by justified boundaries.

In the following, we explain how we leverage this key properties’
inventory for UFDs and define functional relationships and probabilistic
density functions (Section 4.2 and Appendix A), which are key elements
of the Monte Carlo analysis here conducted to capture the diversity
inherent to each category of UFDs. The ultimate goal is to generate
random, yet realistic, samples from a UFD subcategory for the purpose of
performing Monte Carlo analyses of their stability, as demonstrated
through the mechanistic model in Section 3. The method used includes
direct sampling and this complete approach is illustrated in Fig. 4.

4.2. Structural relationships for UFDs’ key variables and their variability

Each UFD, whether it be a light-weight vehicle, a trash bin, or
another object, exhibits distinct characteristics, a variability that our
model aims to capture. Certain characteristics, such as dimensions L,
and L, in vehicles, often scale together —these are identified as structural
relationships. These co-dependencies across multiple variables need to
be considered, to ensure that, when we generate a synthetic UFD to
study its stability, we are generating a realistic UFD.

In contrast, other UFD properties might exhibit randomness within
defined limits and are categorized as randomistic. For such properties,
we utilize Probability Density Functions (PDFs). The choice of a PDF for
each variable is based on an empirical evaluation of the Cumulative
Density Function, typically supplemented by physical reasoning. For
example, if a characteristic must be strictly positive, a uniform distri-
bution (%) or a triangular distribution (.7) is favored over a Normal
distribution (.#"), which carries a non-zero probability of producing
negative values. Either structural or randomistic, the characteristics of
each UFD subcategory can be explained through the following equation:

yx) =TY@)+y (12)

UFDs inventory
(Suppl. Mat.)

Based on: literature
and: Section 3
Egs. for the limit
states of stability

Identification of key
properties of UFDs

Section 4 (Egs. 4-11)
Definition of UFDs .
structural Linear (Eq. 13)

Exponential (Eq. 14)

Definition of UFDs X

probabilistic U_niforn? 5
distributions ®T 7Triangular

|
(Appendix A) Norma
Section 5

relationships @7
(Appendix A)

Variable

Step 1. Random UFD sample - "

(from category in ) g §’

Step 2. Generation of sample's props. g B

(from parametrization in §4) ®0

Step 3. Obtain stability curves %2

c% (through model of §3) =2
v

Fig. 4. Monte Carlo approach to the estimation of stability curves for
different UFDs.
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Y (x) is a function that portrays the trend —or structural relationship—
of y relative to x, while y denotes a stochastic component that introduces
additional variability into y. The functional form of Y (x) is flexible, but
we primarily investigate two relationships —linear and saturation curve—
besides a null function:

Y=ax+b 13)

Y = a(l —exp(bx)) a4

The parameters a and b are optimized through error minimization
algorithms to best fit the observed UFD data, as described in Appendix A.
For certain co-dependencies, Eq. (14) offers a superior fit. For example,
within all vehicles subcategories (UFD-V), an increase in L, is accom-
panied by an increase in L,, but only asymptotically up to 2.50 m, as
constrained by regulations such as the European Union Council Direc-
tive 96/53/EC.

When no correlation is observed among pairs of variables, Y(x) = 0
and only the randomistic component (y) in Eq. (12) defines an UFD
characteristic (y). This is the dominant situation in UFD-H, and in-
corporates further variability (uncertainty) into the stability curves. For
¥, we consider three potential PDFs: #/, .7, or ./". A comprehensive
review of the functional relationships for Y (x) and the PDFs for y across
all UFD subcategories is provided in Appendix A. All relevant data and
analysis codes are available in the Supplementary Material.

4.3. Monte Carlo analysis

A Monte Carlo analysis is performed to probabilistically estimate the
stability curves for different UFD categories, as outlined in Table 1. This
analysis is building upon the mechanistic model of Section 3 (Fig. 3) and
the input parametrization defined across Section 4 and Appendix A. The
procedure for the analysis is conducted for each UFD subcategory and
follows the protocol here described (Fig. 4):

1. We generate 1000 different samples from a given UFD subcategory
(e.g., UFD-F2), based on structural and stochastic characteristics of
each group derived in Section 4.2, thereby simulating a realistic
range of physical properties.

2. Stability limit state equations —for flotation, sliding, and toppling—
are solved for each synthetic UFD generated.

3. For each synthetic UFD, the minimum depth h required to initiate
motion at a given velocity v is identified by considering all three
instability modes and is designated as the value for the stability
curve.

4. Results are visualized and data is stored by UFD group in the Sup-
plementary Material.

4.4. Limitations

The proposed probabilistic approach directly draws samples from
PDFs for the key physical properties of UFDs, which at the same time
define secondary physical properties through the structural relation-
ships. A limitation of this methodology is that we assume simple PDF
functions for those key physical properties as well as for the structural
relationships between parameters. This is reasonable based on the
available data, and provided that we have partitioned UFDs into groups
(Table 1) with similar characteristics. Another limitation is that the
empirical data defining those PDFs is based on catalogues available
online, primarily, whereas some UFDs found in urban areas may be old
enough to not be currently online.
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5. Results
5.1. Application and verification of the mechanistic framework

In this section, we utilize various case studies from literature
(Table 2) to evaluate the accuracy and applicability of the mechanistic
model proposed in Section 3. We focus the verification study on cars
(UFD-V2, light-weight vehicles Table 1), owing to the wealth of avail-
able research data. Fig. 5 presents both the experimental data from
literature and the predicted limit states of our mechanistic model (Sec-
tion 3).

Some parameters (M, Ly, Ly, L, Z.), necessary for the application of
the model (Egs. (4) to (11)), are directly incorporated from the original
case studies. In all instances, we consider the friction coefficient (1) as
0.3, in line with reporting from laboratory experiments (see study of
Smith et al., 2019b). For the evaluation of f4 at each depth, we use the
data-driven polynomial approximation specified for UFD-V2 in Appen-
dix A (Eq. (A3), excluding the stochastic term f,). Unspecified param-
eters such as fy» and, occasionally, Cp are calibrated iteratively. Given
that Cp impacts stability at high flow velocities, while fy o is influential
at low velocities, these parameters can be calibrated independently. We
recognize that the drag coefficient (Cp) varies among the considered
case studies. This variation is reasonable and can be justified on
geometrical differences in shapes of car models.

Inspection of Fig. 5 reveals that the stability limit state curves
generated by our model, in conjunction with physical properties, are
physically consistent and describe the laboratory data in good detail. At
near-zero velocities, flotation becomes the governing instability mode.
For non-zero velocities, buoyancy lowers the threshold for sliding and
toppling by reducing the effective normal force (R, — S, see Egs. (7) and
(8)). The stability curves exhibit a notable flattening as water levels drop
below the clearance height (z.), which corresponds to a diminishing
effect of f4 and fy. In all our verification cases, toppling proves to be a
less likely failure mode than either sliding or flotation, occurring at
relatively lower water depths.

5.2. Probabilistic assessment of stability curves

In this subsection, we extend the application of the mechanistic
model to encompass all UFD groups, deploying the previously outlined
Monte Carlo simulation approach (see Fig. 4) that follows the inherent
variability of UFDs. For clarity, Figs. 6F, 7C and Fig. 8F incorporate flow
conditions based on uniform flow estimations, which are based on the
Manning formula (Chow, 1959). This enables the estimation of pairs of
h-v for a given slope and roughness coefficient. These highlighted re-
gions within the plots intersect the stability curves, thereby identifying
the conditions under which UFDs’ mobility is likely to be initiated. For
that, we consider a wide array of slopes and surface roughness, ranging
from smooth cement to gravel bed, with corresponding Manning
numbers n = 0.011 to 0.025. These are representative of reasonable
surfaces and slopes found in urban setups. The highest value of the
Manning coefficient (n = 0.025) is also representative of short grass.

Our probabilistic analysis of vehicles’ stability reveals several critical
insights (Fig. 6):

— Two-wheelers (UFD-V1) are generally less stable than other vehicle
types. However, some V1 vehicles possess higher bulk density than
water (due to small internal volumes, metal construction and no
cabin). This results in a threshold velocity below which they remain
unconditionally stable; i.e., sinking regardless of the flow depth.

— Cars (UFD-V2) exhibit stability conditions very similar to those seen
in the verification cases, with the dispersion of the data aligning with
the variability observed in the verification cases. This reaffirms that
this type of UFD is well represented in the literature.

— Vans (UFD-V3), caravans and RVs (UFD-V4) demonstrate a behavior
comparable to UFD-V2, although caravans exhibit a considerably
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Key characteristics of the UFD-V2 models used for verification. The f4 used is that parameterized in Appendix A for UFD-V2, Eq. (A3), with stochastic term f, = 0. fi1
corresponds to the submerged volume contribution of the wheels, assumed constant, and fy» corresponds to the above-clearance contribution. Values with (*)

correspond to best fit (calibrated), which is only conducted for missing data.

Car M (kg) Ly (m) Ly (m) L, (m) 2. (m) Cp (-) funn (&) fr2 () u(=) Exp. scale Source
Yaris 1045 4.30 1.69 1.46 0.16 1.38 0.05 0.32* 0.30 1:1 Smith et al. (2019b)
Festiva 790 3.62 1.61 1.46 0.22 1.38 0.05 0.32*% 0.30 1:1 Smith et al. (2019b)
Golf 1261 4.26 1.80 1.45 0.21 1.70* 0.05 0.42* 0.30 1:1 Kramer et al. (2016)
Accord 1615 4.95 1.85 1.48 0.12 0.75* 0.05 0.58* 0.30 1:14/1:24 Xia et al. (2014)
Patrol 2478 4.97 1.84 1.94 0.50 1.38 0.05 0.50* 0.30 1:1 Smith et al. (2019b)
Q7 2345 5.09 1.98 1.74 0.20 0.85* 0.05 0.50* 0.30 1:14/1:24 Xia et al. (2014)
1.0 < © P .-
\( 58 Limit states of stability
\“ % g == Sliding limit state (Yaris)
0.8 1 N 2E ’ Sliding limit state (Festiva)
\ S 0o — idi i
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Fig. 5. Stability curves obtained with the mechanistic model (Section 3) for specific car models tested in laboratory in literature (Xia et al., 2014; Kramer et al., 2016;

Smith et al., 2019b).

narrower distribution of stability curves. This is because, with
increasing size, bulk density tends to reduce for habitable vehicles.
Therefore, both vans and caravans tend to be less stable than cars on
flatter slopes when flotation becomes the dominant mode of failure.
This early onset of mobility, coupled with their larger volumes, in-
creases flood hazard due to a higher potential for infrastructure
clogging and damage. Given that these larger vehicles are commonly
observed in flood events, mitigating flood hazards would require
additional focus on UFD-V3 and UFD-V4.

— Heavy vehicles (UFD-V5), owing to their massive scale, exhibit
substantially higher stability. However, this category exhibits a
wider dispersion due to the considerable range of properties; for
instance, L, ranges from 6 to 18 m. Our findings suggest that these
vehicles could contribute to flood hazards under flood situations
with depths exceeding 1 m, particularly when also exposed to high
velocities (v > 2 m/s). UFD-V5, with masses one to two orders of
magnitude greater than other UFD-Vs, may substantially amplify
potential infrastructure damage due to impacts (Zhang et al., 2018;
Jalayer et al., 2018), in addition to the also increased flood-
infrastructure clogging hazard.

When considering furniture (UFD-F), it is evident that both UFD-F1
and UFD-F2 are highly movable. Urban fixtures (UFD-F1) become un-
stable at approximate depths of 25 cm, which is consistent with previous
studies (Martinez-Gomariz et al., 2020), while household equipment
(UFD-F2) exhibits instability at depths significantly below 10 cm. This
signals an earlier onset of transport as compared to vehicles. Nonethe-
less, UFD-F2 are commonly installed within private properties, poten-
tially attenuating the direct impact of flooding. The disclosed early
mobility of UFD-F suggests that the role of furniture in urban floods
might have been consistently underestimated.

For heterogeneous debris and drifters (UFD-H), our analysis (Fig. 8)
indicates that stability characteristics are closely related to the material

density. Plastic debris is the least stable, with the vast majority of items
becoming mobilized at water depths of below a few centimeters. This is
followed closely by other litter, which shows a very similar behavior.
Wood remains considerably more stable up to flood depths of 10 cm for
low velocities (< 1 m/s). Velocities and depths observed are consistent
with the wood stability study of Braudrick and Grant (2000). The most
stable types within the UFD-H category are construction materials and
metal, which require exceptionally large velocities for the inception of
mobility — of at least 3 to 5 m/s — typically becoming dislodged only after
impacts from other UFDs (such as trucks or cars) with infrastructure or
when located near construction sites adjacent to streets.

6. Discussion
6.1. Sequential mobilization of UFDs

As a synthesis of the results presented in Figs. 6, 7 and 8, we sequence
the mobilization of UFDs due to an idealised flood hydrograph (large
enough to mobilise all groups of UFDs), which is presented in Fig. 9. In a
real flood risk analysis, information obtained from a 2D hydrodynamic
model (h— v) can be used to assess which UFDs become unstable, when
their potential locations within urban setups are known. For a low-slope
configuration, Fig. 9 illustrates such sequence (with potentially metal
and construction debris not being transported), whereas for a high slope,
vans, caravans and RVs (UFD-V3-V4) would be expected to move after
cars (UFD-V2). The sequence of Fig. 9 allows, based on visual identifi-
cation of selected UFDs in future floods imagery, to infer which other
groups of UFDs have already been mobilized. Likewise, observation of
mobilized urban furniture, for instance, can allow reconstruction of local
flow depths (likewise Moy de Vitry et al., 2019) and velocities at selected
locations, while images in social media can also be dated (Valero et al.,
2021); therefore, allowing a space and time reconstruction of the flood.
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6.2. Flood risk implications

The diversity of debris mobilized by floods poses a challenge to flood
risk management, especially in urban areas. The landscape in flood-
prone areas should be carefully designed, not only considering cars,
but the wider variety of potentially movable —flood hazard— material
(Table 1 and Fig. 9). This is especially important in regions with higher
flood risk, where new developments are often allowed with additional
mitigation or resilience measures (European Commission, 2021). In such
spaces, especial effort should be put to avoid creating sources of UFDs or
by enabling extra mooring mechanisms.

Some regulations contemplate hazard induced by cars (UFD-V2)
within the flood risk analysis (Shand et al., 2011), others even raise
caravans as potentially unstable in flood waters (Australian Institute for
Disaster Resilience, 2017), and some suggest a threshold at about 25 cm
for increased hazard due to debris transport (European Commission,
2021). However, to the knowledge of the authors, none explicitly covers
the specific thresholds of instability of the wide range of debris here
analysed and, although regulations for cars have been found to be
conservative in the context of car-induced hazards (Shand et al., 2011;
Smith et al., 2019b), other UFDs are more movable or of potentially
larger hazard. Another point raised in the flood-risk literature (Boca-
negra et al., 2020) is the very limited range of cars analysed in previous
hydrodynamics research. In this context, our study is especially impor-
tant, because it tackles both previous gaps (in regulations and scientific
literature) by addressing a wide range of potentially movable material,

as well as tackling their full probability density functions for their
characteristics, providing specific combinations of flow velocities and
depths that trigger their movement.

While identifying and avoiding sources of UFDs is essential in
floodplains, further insights can be gained by looking further down-
stream. Our study provides a reference point for the inception of
movement, but their transport can be especially complex, especially for
finite-sized bodies (Valero et al., 2022; Delhez et al., 2023; Lofty et al.,
2024). If velocities are known in a 2D grid, obtained through 2D flood
modelling, these can be used to obtain streamlines starting at the
identified UFD sources. This allows the identification of the potential
transport routes. When these streamlines encounter contractions smaller
than the maximum size of the UFD mobilized (Table Al for UFD-V and
UFD-F, and Table A3 for UFD-H), a substantial and sudden backwater
flooding can be triggered because of the clogging of infrastructure
(Kramer et al., 2015; Schalko et al., 2018). These flood bottlenecks,
defined by the combination of large debris and small cross-section,
should be prevented by all means.

6.3. Environmental implications

From a pollution prevention perspective, we show that relatively low
flows can mobilise most of the heterogeneous UFDs, except for that
generated from construction material and metal, which furthermore
requires damage to infrastructure (Jalayer et al., 2018; Zhang et al.,
2018) to be available for transport. Even when available for transport, a
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probabilistic onset calculations of Figs. 6, 7 and 8.

swift reduction in flow conditions can cause this debris to settle rapidly,
potentially resulting in limited conveyance distance.

Most of the litter (UFD-DP and UFD-DO), however, can be expected
to be transported with depths below 5 mm, which means that newly
flooded areas will readily have all their litter transported, becoming part
of the flood. This low requirement for mobilization also implies that
direct runoff to rivers can cause an uncontrolled pollution source even
for low flows, becoming vectors of distal pollution. This may become
more evident in regions with constrained or limited waste management
services and infrastructure, where litter supply may be overwhelmingly
larger during the washout (Moulds et al., 2022; Akuoko et al., 2023;
Oludele et al., 2023).

Overflown floodplains can also become sinks of litter during receding
flows, particularly when the flood returns to the river banks. These sinks
can again act as sources during future floods, potentially enabling an
intermittent transport across seasons or even years. For very large
floods, litter should find sufficient transport capacity, and their transport
only be impeded when interacting with structures or vegetation
(Schreyers et al., 2021). This aligns with previous hydrological obser-
vations on litter pollution (van Emmerik et al., 2019; Van Emmerik
et al., 2019; van Emmerik et al., 2022).

7. Conclusions

This investigation addresses the estimation of the inception of
movement of different urban loose objects, here referred as UFDs. These
have characteristics (length scales and mass, for instance) spanning
several orders of magnitude, which leads to a large difference in the
combination of velocities and depths that trigger their movement. The
derived stability curves, available in the Supplemental Material, can be
integrated into 2D flood models. Coupled with source/supply estima-
tions, these curves can enable, for the first time, the prediction of UFDs’
travel patterns during flooding events. This is a key step towards the
identification of high-risk zones for clogging and backwater effects,
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thereby potentially enhancing urban flood risk mitigation strategies.

Our findings show that —against prior expectations— vans, caravans
and RVs (UFD-V3-4) can be more mobile than other UFDs such as light-
weight vehicles, while also having a larger mass and size and therefore
an increased hazard. Caravans and RVs are often parked near rivers and
streams, which may enhance their flood exposure. When planning such
spaces, flood risk aspects should also be considered. A key aspect
revealed by this study is the relevance of the placement of urban
furniture and their mooring conditions. Solely relying on their weight is
shown to be insufficient, given that furniture (UFD-F) is very often more
mobile than vehicles (UFD-V). Another aspect to consider is that plastic
(UFD-DP) and other litter (UFD-DO) can be mobilized under frequent
flow conditions, with runoff of just a few millimetres, 10-100 times
smaller flow depths than for the mobilization of wood (UFD-DW). This
highlights how important is to reduce availability to avoid direct
transport into the environment in areas close to rivers and streams.
Other debris such as metal or construction may remain completely sta-
ble regardless of the flow depth, for flow velocities below 2-4 m/s,
suggesting that special care should be put in protecting them from floods
in high-slope areas.

A relevant limitation of our study is that we consider UFDs isolated,
where flow effects do not consider interaction with other UFDs, nor we
consider impacts of other movable UFDs with the stable ones. For very
small UFDs, such as plastics, other forces not considered (such as
adherence) could contribute to further stabilize them. Future studies
may also need to address the downstream transport; i.e., dynamics of the
UFDs after the incipient motion. Based on the results presented in this
study, we argue that actions can already be taken in urbanised areas, via
urban planning for instance, to reduce the impacts of flooding, both in
terms of damage to property and life endangering as well as in terms of
environmental impacts. Where UFDs are expected to be placed in flood-
sensitive areas, additional efforts should be put to avoid their associated
hazards.
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