
    
 

 
Vehicles, pedestrians and flood risk: a focus on the incipient 

motion due to the mean flow 
 

Dissertation 
submitted to and approved by the 

 
Department of Architecture, Civil Engineering and Environmental Sciences 

University of Braunschweig – Institute of Technology 

and the 

Department of Civil and Environmental Engineering  

University of Florence 

 

in candidacy for the degree of a 

Doktor-Ingenieur (Dr.-Ing.) /  
In Civil and Environmental Engineering  

 
by 

Chiara Arrighi 

born 09/03/1986 

in Fiesole (FI), Italy 

 

Submitted on 1st March 2016 

Oral examination on  9th May 2016 

Professorial advisors Prof. Fabio Castelli 

 Prof. Hocine Oumeraci 

 

2016  
 



i

UNIVERSITY OF FLORENCE

Abstract
Faculty of Engineering

Department of Civil and Environmental Engineering

Doctor of Philosophy

Vehicles, pedestrians and flood risk: a focus on incipient motion due to the mean flow

by Chiara ARRIGHI

Floods are overflowing of water onto land, which is normally dry and are one of the costliest
natural hazards. According to global scale reports, in the last decade floods affected the largest
number of people with respect to other hazards such as earthquakes or droughts. Beside the dam-
ages to structures and infrastructures, floods also cause many fatalities and injuries. It has been
demonstrated that the majority of fatalities occurs as a consequence of inappropriate high-risk
behaviours like driving and walking in floodwaters. In fact, vehicles can lose stability also for
very low water depths and may turn into deadly traps. For flood risk managers, people safety
is the primary objective, but although vehicles are so crucial, very little is known about the crit-
ical conditions in which the onset of motion occurs. Besides, the existing instability criteria for
pedestrians under water flow suffer from the large scatter of experimental pairs of critical water
depth and velocity. As a matter of fact, the instability conditions of both vehicles and pedestrians
are affected not only by flood parameters (i.e. water depth and velocity), but also by geometric
and physical properties of the object. The main aim of this PhD research project is to better un-
derstand the instability mechanisms for pedestrians and vehicles, which are responsible for most
of the casualties in order to introduce new hazard criteria capable of accounting for both flood
and object characteristics. For this purpose, a comprehensive analysis of the current knowledge is
firstly presented. Secondly, the forces acting on a partly immersed vehicle and human subject are
examined and two dimensionless mobility parameters are introduced. The existing experimental
data on vehicles and people instability are used to identify a dimensionless critical threshold of
incipient motion. Thirdly, a 3D numerical model in the OpenFOAM framework is adopted to
clarify the role of hydrodynamic forces and determine relevant dimensionless parameters and
scaling numbers involved in the instability mechanisms, considering the mean flow properties.
Then, the results of the numerical simulations for a selected vehicle, which reproduce a set of
existing experiments, are analysed and discussed. Finally, two case studies are presented in order
to demonstrate the applicability of the mobility parameters to the field scale and the advantages
of hazard maps implemented with the proposed method. The results show that the scatter of
existing experimental data can be overcome using a dimensionless approach, which accounts for
both floods and objects properties. Since the critical thresholds are dimensionless, the instability
conditions for people and vehicles can be easily compared in order to develop behavioural rules,
management strategies and support people education. The numerical model hints the importance
of flow regimes for the hydrodynamic effects and clarifies the contribution of drag and lift forces.
The application of the mobility parameters to inundation maps demonstrates the applicability of
the method to the field scale. The qualitative comparison between the reconstructed inundation
maps and the georeferenced pictures taken after the 2014 flood event in Genoa shows a very good
accordance, thus the method appears promising and provides an improved basis for flood hazard
and risk mapping.
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Chapter 1

Introduction

1.1 Motivation

Nowadays floods cause each year million euros of damages and affect a large number of
people worldwide. The Flood Directive 60/2007/EC requires the European countries to
implement flood hazard and flood risk maps in order to efficiently mitigate flood risks
through structural and non-structural measures. Among the diversity of damages a flood
can induce, the most crucial are loss of lives and injuries. Most of the fatalities in urban
floods occurs in vehicles. The latter can be swept away by floodwaters even for low
water depths and may turn into deadly trap for the driver and the passengers. The sec-
ond cause of fatalities is associated with the high-risk behaviour of pedestrians trying
to walk in floodwaters. Typical pictures taken during and after urban flood events are
exemplarily shown in Figure 1.1. Usually, the recurring theme of photos representing the
aftermath of a flood event is the consequence of this chain of events: vehicles are trapped
by water, then float and are piled up into and on top of each other once the floodwa-
ters subsides (Figure 1.1, right panel). Although people safety is the primary aim of any
flood risk management strategy, the studies on vehicles and people instability under wa-
ter flow are sparse and existing hazard criteria suffer from many drawbacks and are not
reliable for the application to urban scale. In particular, a large scatter affects the existing
experimental critical conditions, which lead to the instability. In fact, the loss of stability
in floodwaters not only depends on flood characteristics (i.e. water depth and velocity)
but also on the geometrical and other physical properties of the immersed object.

FIGURE 1.1: An episode of flash flood in Athens (left panel, source:
www.timesofmalta.com) and the aftermath of the 2011 flood in Genova

(right panel, source: www.adnkronos.com).
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1.2 Objectives

Since a better understanding of the instability phenomenon is crucial for supporting ed-
ucation and flood risk management strategies, the aims of this research study are:

• Development of new hazard criteria for vehicles and pedestrians under water flow,
which account for both flood and vehicle/human body characteristics and are more
consistent in terms of reducing the scatter of existing experimental data.

• Identification of the most relevant parameters affecting the onset of motion and the
different contribution of hydrodynamic forces for a wide range of flow regimes.

• Demonstration of the applicability of the new hazard criteria to real case studies of
urban floods, showing the advantage of the hazard maps based on these new crite-
ria for flood risk management, especially for non-structural mitigation measures.

A more detailed specification of the objectives as drawn from the implications of the
identified knowledge gaps is provided in the concluding section of chapter 2 (sub-section
2.5.1).

1.3 Methodology

The method adopted in this research consists of four main work-packages:

• Review and analysis of the current knowledge including urban flood risk, reports
on people fatalities, existing laboratory experiments on vehicles and people insta-
bility under water flow and available numerical tools.

• Dimensional analysis of the forces on partly immersed vehicles and human bodies
and implementation of dimensionless instability diagrams.

• Reproduction of experiments on incipient motion of vehicles and people instability
in flowing water using a 3D hydrodynamic model set up in OpenFOAM, with the
aim of identifying of the most relevant dimensionless parameters, scaling numbers
and effects of the mean flow regime for which experimental data are available from
previous studies.

• Application of the findings to real case studies and qualitative validation through
the comparison between resulting hazard maps and available documents (e.g. videos
and pictures) of a flood event.

A more detailed description of the methodology of the research is provided in the con-
cluding section of chapter 2 (sub-section 2.5.2).

1.4 Expected results and impacts

The expected result of this research is the creation of a new perspective to understand and
analyse the instability conditions of vehicles and pedestrians under water flow, in order
to provide a consistent support for the implementation of non-structural risk mitigation
measures. In engineering terms, the new perspective consists of a new dimensionless
parametrization of the instability conditions for pedestrians and vehicles as a basis for
new hazard criteria easily applicable to the current inundation maps as required by the
European Floods Directive. Since a reduction of the number of fatalities can be achieved
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just through education (appropriate behaviour in flood), the results of this research may
have significant impacts on the implementation of behavioural rules and emergency pro-
tocols.
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Chapter 2

Current state of knowledge and
modelling

The current knowledge on flood risk assessment in urban areas is reviewed and analysed
in this chapter. The focus is put on the main causes of fatalities in urban floods and on
the existing experimental data on the instability conditions for vehicles and people im-
mersed in a fluid flow. Moreover, the numerical methods available to support flood risk
assessment and hydrodynamic modelling are introduced. The impacts of floods and the
current definition of flood risk according to the European legislative framework are first
introduced (section 2.1.1). The methods to describe the propagation of an inundation as
well as the techniques to assess the potential damages are summarized. The published
reports on people casualties and loss of life models are analysed to highlight the main
issues related to human-flood interaction. The experimental data about the critical insta-
bility conditions for vehicles and pedestrians are reviewed and discussed in section 2.2.
The main existing instability criteria are described. Section 2.3 describes the role of the
numerical modelling of hydrodynamic processes for a better understanding of the phys-
ical processes and their complementarity to the experiments in this respect. As a main
result the literature study, the gaps of knowledge are identified and the implications for
the present research are drawn, including a flow chart in Figure 2.11 summarizing the
topics and the logical link followed in this chapter (section 2.4). Moreover, the objectives
and methodology of the work are finally specified (section 2.5.1, 2.5.2).

2.1 Flood risk in urban areas

2.1.1 Impacts of floods

Floods represent one of the main natural disasters in terms of deadliest events and eco-
nomic damages (Munich Re, 2015b). For instance, the 2011 flood in Thailand caused 40
billion dollars of overall damages (Munich Re, 2012), the 2014 flood affecting India and
Pakistan caused 665 fatalities (EM-DAT, 2012; Munich Re, 2015a).

Figure 2.1 shows the human impact for different classes of disasters. Although the
number of fatalities caused by floods is lower than other hazards (i.e. earthquakes), flood
events affects the largest number of people. In the European Community (EC) countries,
it has been estimated that the average annual flood loss in the period 1970-2006 was about
4 billion dollars (Barredo et al., 2009). In Europe many studies on the impact of the climate
change show that some regions are prone to a rise in flood frequency such as northern
and north-eastern Europe (Lehner et al. 2006; Lung et al. 2013) and at a continental level
18.7% of the territory is exposed to high flood hazard (Lugeri et al. 2006). Protection of
densely populated areas against floods has always been a crucial issue, which is as old
as many human settlements themselves. Indeed, most of the cities are located near river
banks or on coasts, which offer favourable conditions for development, such as water
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FIGURE 2.1: Human impacts by disaster type in the decade 2002-2012 (EM-
DAT, 2012)

supply or the exploitation of fertile lands, but the cost for such favourable locations is an
increased exposure to floods that leads to a rise in flood risk (World Meteorological Or-
ganization, 2008). According to global-scale reports (United Nations, 2015), around 2006
urban population exceeded for the first time in history the rural population and 60% of
the global population is expected to live in cities by 2030. Given the above, it is expected
that flood risk in urban areas will continue to rise as a consequence of changes in land
use (e.g. due to increasing flood plain occupancy) and of socio-economic development
(Elmer et al. 2012).

2.1.2 Flood risk definition and European legislation

The generally accepted definition of flood is the temporarily partial or complete inunda-
tion of normally dry land areas. Floods may be caused by the overflow of inland or tidal
waters, the unusual and rapid accumulation or runoff of surface waters from any source,
or mudflows or the collapse of shoreline land or dams. Flood risk is commonly defined as
the product of hazard and subsequent damage, the latter depending on the vulnerability
and exposure. Hazard is the occurrence probability of a flood in a certain time interval
and location (e.g. a flood in every 100 years) (Ward et al. 2011). The vulnerability is the
potential of being harmed by a flood (i.e. susceptibility) and exposure is the proximity to
the inundated area for a given scenario (Figure 2.2)(Van Der Veen and Logtmeijer 2005;
Messner et al. 2007; Merz et al. 2004). With economic damages estimated at any point for
different return periods (e.g. different recurrence intervals), these values can be interpo-
lated in the frequency domain to get a damage-frequency curve. This curve establishes
the basis for the calculation of the risk measure, defined as the Expected Annual Damage
(EAD). EAD is the sum of the damages caused by all the floods of any possible mag-
nitude, weighted by their probability of occurrence in any one year. If TR is the return
period for which the total economic damage De,tot is estimated, EAD (e/year) can be
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FIGURE 2.2: Hazard, vulnerability and exposure (from Merz et al., 2004).

computed as:

Risk = EAD =

1∫
0

Detot (TR) · d
(

1

TR

)
(2.1)

Flood damages are commonly classified into direct and indirect ones (Merz et al.
2010). The direct damages are due to the physical impact of the water with people/objects,
the indirect damages are induced by direct ones and occur outside of the flooded area.
Indirect flood damages are damages caused by disruption of physical and economic link-
ages of the economy, and the extra costs of emergency and other actions taken to prevent
flood damage and other losses. This includes, for example, the loss of production of
companies affected by the flooding, induced production losses of their suppliers and
customers, the costs of traffic disruption or the costs of emergency services. In recent
years, flood management has shifted from the protection against floods to the manage-
ment of the risk of floods (Oumeraci et al, 2015). In Europe, this shift is reflected in the
Flood Risk Directive of October 2007. The Floods Directive (European Parliament, 2007)
is the legislation of the European Parliament on the assessment and management of flood
risks. It requires Member States to engage their government departments, agencies and
other bodies to draw up a preliminary flood risk assessment. The information in this as-
sessment is used to identify the areas at significant risk, which will then be modelled in
order to produce flood hazard and risk maps. Flood Risk Management Plans have been
worked out to communicate to policy makers, developers, and the public, the nature of
the risks and the measures proposed to manage these risks. The management plans focus
on prevention, protection and preparedness. As flooding can have devastating impacts,
protecting the needs of the community is at the heart of the Floods Directive approach.
The latter aims to manage the adverse consequences that flooding may have on human
health, environment, cultural heritage and economic activities.

To satisfy the legislative requirements an interdisciplinary effort is needed to accom-
plish a chain of models (Figure 2.3), which starts from the hydrologic-hydraulic study
(i.e. hazard) and ends up with a final risk map (section 2.1.5). Thus, according to flood
risk definition (Eq. 2.1) the two main tasks are the hazard modelling (section 2.1.3) and
the damage assessment (section 2.1.4).
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FIGURE 2.3: Standard flow chart for flood risk assessment based on flood
depth maps and socio-economic data (from Arrighi et al., 2013).

2.1.3 Hazard modelling

The propagation of floodwaters through the affected area can be approximated using sev-
eral methods. Simple hydraulic modelling methods may be sufficient for approximating
propagation of flood peaks through river channels. More complex hydraulic analyses
using advanced numerical models may be required to incorporate effects of infrastruc-
ture or complex overland flow in urban areas (Syme et al. 2004; Syme 2008). Advanced
models are capable of modeling more detailed physical phenomena, but uncertainties
still remain. Hydraulic models rely on topographic data for a consistent geometric repre-
sentation of the study domain. The availability of high-resolution topographic data, for
instance through LiDAR surveys (Yan et al. 2015; Cobby et al. 2001; Correia & Rego 1998),
enables us to increase the spatial resolution of the computational mesh, which is gener-
ally required for heterogeneous areas such as dense urban settlements. Moreover, remote
sensing and satellite images help in many cases to define flow parameters (e.g. rough-
ness). The large use of different types of land data has revealed the role of Geographic
Information System as an indispensable tool for a better data management before and
after hydraulic simulations (Zerger & Wealands 2004; Deckers et al. 2010; Samarasinghe
et al. 2010). The most widely used approach to modelling fluvial hydraulics has been
1D finite difference solutions of the full de Saint-Venant Equations (Horritt & Bates 2002;
Gilles & Moore 2010; Finaud-Guyot et al. 2011; Helmiö 2002). The Saint-Venant equa-
tions are based on mass and momentum conservation equations, as respectively shown
below for the 1D case:

∂A

∂t
+
∂Q

∂x
= 0 (2.2)

1

A

∂Q

∂t
+

1

A

∂

∂x

(
Q2

A

)
+ g

∂h

∂x
+ g(S0 − Sf ) = 0 (2.3)

Where Q is discharge (m3/s), A is cross-sectional flow area (m2), h is water depth
(m), S0 is the bed slope, and Sf the friction slope. 1D solutions of the full Saint-Venant
equations are derived based on several assumptions: the water level across the section
is horizontal, the streamline curvature is small and vertical accelerations are negligible,
the effects of boundary friction and turbulence can be accounted for using resistance
laws analogous to those for steady flow conditions, and the average channel bed slope is
small so the cosine of the angle can be replaced by unity. Widely available software, such
as HEC-RAS (USACE, 2010) use the general form of the depth-averaged Navier-Stokes
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equations. The friction slope Sf in Eq. 4.2 is generally described by the Chézy or Manning
formula, which relates the slope of hydraulic grade line to the roughness coefficient. For
river reaches containing backwater areas or naturally occurring diversion channels, these
assumptions are frequently violated. For out-of-bank flow, the interaction with the flood-
plain results in highly complex fluid motion with at least two-dimensional properties.
The complex interaction of channel and floodplain flow fields make two-dimensional
simulation codes more desirable than one-dimensional codes in many modelling situa-
tions (Cunge 1969; Horritt & Bates 2002). Continuous improvements in computational re-
sources and affordability have also increased the implementation of 2D modelling. Most
widely used 2D codes utilize depth-averaged Navier-Stokes equations, commonly called
the Saint-Venant Shallow Water Equations (SWE):

∂U

∂t
+

∂

∂x
(F + Fd) +

∂

∂y
(G + Gd) = H + I (2.4)

where U is the variables vector, F and Fd and G and Gd are the convective and diffusive
fluxes vectors in the x and y directions, respectively (in the plane of movement). H is the
friction and slope source term vector and I the infiltration source vector. The expressions
for vectors U, F , G above read:

U =

 h
hu
hv

 ,F =

 hu
hu2 + gh2/2

huv

 ,G =

 hv
huv

hv2 + gh2/2

 (2.5)

where h is water depth, u and v are the averaged (over the depth and time in a turbulent
flow) Cartesian velocity components, and g the acceleration of gravity. The correspond-
ing expressions for the diffusive fluxes Fd, Gd can be written:

Fd =

 0

−εh∂u∂x
−εh ∂v∂x

 ,Gd =

 0

−εh∂u∂y
−εh∂v∂y

 (2.6)

where ε is a viscosity coefficient that accounts for the fluid kinematic viscosity, the
turbulent eddy viscosity and the apparent viscosity due to the velocity fluctuations about
the vertical average. Finally H and I read:

H =

 0
gh(S0x − Sfx)
gh(S0y − Sfy)

 , I =

 −ir
−1/2 · u · ir
−1/2 · v · ir

 (2.7)

Here ir is the infiltration rate into the ground/sinks, S0x and S0y are the bed slopes in the
two Cartesian directions, which are assumed small:

S0x = −∂zB
∂x

, S0y =
∂zB
∂y

(2.8)

where zB is the bottom elevation and Sfx, Sfy are the friction slopes, usually represented
by means of empirical formulae such as Manning’s formula:

Sfx = −n
2u
√
u2 + v2

h4/3
, Sfy = −n

2v
√
u2 + v2

h4/3
(2.9)

where n is the dimensional Manning’s friction coefficient. However, the shallow water
equations are not a true mathematical representation of the movement of water over the
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earth surface (Alcrudo, 2004). Putting aside errors originated from a numerical integra-
tion of these equations, the following known shortcomings of this approximation stand:

• Vertical velocities are neglected (vertical acceleration are identically zero)

• The pressure field is assumed hydrostatic

• The bottom slope steepness is assumed to be very small

• A uniform horizontal velocity field over the entire water depth is assumed

• Turbulence effects are usually ignored

• Friction formulae are usually taken from uniform flow conditions

The use of 2D equations enables one to choose different levels of approximation with in-
creasing complexity: kinematic, diffusive and full dynamic wave approximation (Hunter
et al. 2007). The kinematic wave can be described by a simple partial differential equa-
tion with a single unknown field variable (e.g., the flow or wave height) in terms of the
two independent variables time (t) and space (x) with some parameters describing the
physics and geometry of the flow. This approximation is usually adopted in upstream
and midstream steep channel reaches to avoid numerical instability when performing a
flood forecast. When these assumptions can’t be made, the diffusive wave approxima-
tion is considered as adequate for flood simulations (Hunter et al. 2008). The SWE system
being of hyperbolic character in time, it represents an evolutionary problem in the form
of propagating waves. Therefore a time marching procedure starting with a given initial
condition in space, supplemented with boundary conditions along the time path is the
proper mathematical conceptual treatment. The discretization of SWE can be made with
different approaches: Finite Elements, Finite Volume and Finite Difference (Ferziger, J.H.,
Peric 2002). 2D models require topography/bathymetry data of the study area in order to
generate a computational mesh of the domain. The resolution of the computational mesh
varies, according to the scale of analysis, between 1 m (for dense urban areas) and 500 m
for macro-scale studies (e.g. at a national or regional level) (Falter et al. 2013; Syme 2008;
Hunter et al. 2008). The sustainable complexity of a model depends on the amount of
available data and computational resources. Flood propagation in urban areas is clearly
three-dimensional, with peculiar features that depend on the complex interaction be-
tween the flow and the streets/buildings pattern, especially when the urban texture is
very dense as in many historic town centres (Arrighi et al. 2013). One of the challenges
for the modeller is how to bring this 3D problem to a 2D model, for instance how to
best to represent the roads, fences, houses and other features within the limitations and
constraints. Even 2D solutions are very computationally intensive and it is not always
practical to utilise a mesh of very fine elements. This requires approximations when rep-
resenting the urban domain to represent the fences, buildings, and other obstructions.
In some cases, 1D numerical models are considered as adequate for the estimation of
flood-water levels in river with regular flow patterns and the preliminary identification
of inundation zones (Apel et al. 2009; Messner et al. 2007). When there are more complex
river geometries and inundation flow patterns are relevant for the precise mapping of lo-
cal parameters, the use of 2D model becomes unavoidable (Galland et al. 1991; Hervouet
et al. 2000; Büchele et al. 2006; Apel et al. 2009; Ernst et al. 2010). Diffusive full 2D models
are potentially more accurate than 1D or quasi-2D models, but they are more difficult to
apply systematically to large areas if only traditional elevation data are available. They
require two crucial pieces of information to achieve their potential accuracy: the detailed
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topography of the flow domain, including buildings and infrastructures and their rep-
resentative roughness. LIDAR-based aerial survey generates high quality topographic
data and enables to obtain a complete, high resolution (e.g. order of 1 m nominal spac-
ing or even less) and up-to-date Digital Surface Model (DSM). Recently such tools has
become increasingly available also for dense urban areas, so that the problem is no more
the data availability, but rather the computational difficulties, resolution and structure
of the computational grid, related to the streets/buildings pattern. The determination of
roughness coefficients also needs an accurate and high resolution land use database, to
be eventually augmented with the increase of friction due to irregular topography (Ernst
et al. 2010; Syme 2008). The advantages of a ‘classical’ 2D model over a more parsimo-
nious one can be strongly reduced if other simplifications are required for their practical
implementation, such as a steady-state approximation (Ernst et al. 2010) or an upper
bound to the computational nodes. 2D hydraulic models have usually been adopted in
portions of sparse urban areas, providing reliable results after calibration studies (Mignot
2006; Apel et al. 2009; Ernst et al. 2010; de Moel et al. 2009; Schubert & Sanders 2012;
Ma et al. 2015). For such a study in a dense urban environment, some problems arise
in the set-up of a 2D model. First of all, the computational costs which is recognized as
the major drawback of 2D models performed with a fine grid size (Begnudelli et al. 2008;
Chen et al. 2012). A grid size of 1 or 2 m is generally considered as indispensable to
describe the street pattern of many urban environments, especially when historic centres
are included, and may lead to long simulations. The combination of a 1D model for the
main river channel flow and a 2D model for the inundated areas is recognized as a good
compromise between complexity, computation and accuracy. Shallow water equations
or their diffusive wave approximation are theoretically optimal choices for the 2D part,
but the use of storage cells (Bates & De Roo 2000; Huang et al. 2007; Horritt & Bates 2002)
has been also proposed when the aforementioned difficulties arise. The final product of
the hazard assessment is a hazard map for a given probability scenario. A GIS environ-
ment allows merging the inundation map with socio-economic data to proceed with the
damage assessment phase and the risk assessment phase.

2.1.4 Damage assessment

Flood damages can be classified into direct and indirect damages. Direct damages are
those that occur due to the physical contact of flood water with humans, property or any
other objects. Indirect damages are induced by the direct impacts and occur, in space or
time, outside the flood event. Both types of damages are further classified into tangible
and intangible damages, depending on whether or not they can be assessed in monetary
values (Smith 1994; Jonkman et al. 2008; Merz et al. 2010; Meyer et al. 2013; Thieken
et al. 2006; Ward et al. 2011; ten Veldhuis 2011, Oumeraci et al, 2015). Tangible dam-
ages are damages to man-made capital or resource flows which can be easily specified
in monetary terms, whereas intangible damage is damage to assets which are not traded
in a market and are difficult to transfer to monetary values. Although the differentia-
tion in direct and indirect, and tangible and intangible damage is commonplace, inter-
pretations and delineations differ (Jonkman et al. 2008). The loss of life is classified as
a direct intangible damage, damages to private buildings and contents or the business
interruption are instead classified as direct tangible damages. Intangible damages are
often related to damage categories, which are hardly monetizable such as human life
or cultural heritage (Arrighi et al., 2016, Burzel et al., 2015). Therefore, the assessment
methods for human losses differ from the common direct tangible damages estimation
(Dassayanake et al., 2015). Usually direct tangible damages are evaluated by means of
stage-damage functions. A stage-damage function is a relationship between flood depth
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and potential damage. This does not mean that damages depend only on flood depth,
other flood parameters play an important role (velocity, flood duration, preparedness)
but are more rarely included in damage functions (Kreibich et al. 2009). Such functions
are internationally accepted as the standard approach to assess urban flood loss (Smith
1994; Jonkman et al. 2008; Genovese 2006; Meyer et al. 2013; Luino et al. 2012; Arrighi
et al. 2013; Scorzini & Frank 2015). Stage-damage functions can be drawn using existing
damage data collected after occurred events (empirical functions)(Büchele et al. 2006;
Apel et al. 2009) or synthetically by experts (Oliveri & Santoro 2000; Arrighi et al. 2013).
The scale of analysis at which the risk study is carried out significantly affects the assess-
ment of flood damages. The scale of analysis is strictly related to the available resources
in terms of time, finance and data requirements. The choice of an appropriate method
of damage evaluation depends on the size of the area under investigation. Three study
types are usually distinguished. Firstly, national or even international studies may refer
to a national coastline or a river basin of a transboundary river. Secondly, regional study
areas are of medium size and relate, for instance, to a part of a big river or the catchment
of a smaller river. Thirdly, local-sized study areas aim at examinations of municipalities,
single cities or even single properties. The common classification of the scale of analysis
is as follows:

• Micro-scale methods apply an object-oriented approach, i.e. damages are calculated
for single properties, e.g. buildings (Oliveri & Santoro 2000; Apel et al. 2009; Ernst
et al. 2010; Arrighi et al. 2013; Scorzini & Frank 2015)

• Meso-scale methods consider aggregated land use units, e.g. residential areas and
industrial areas (Genovese 2006; Lindenschmidt et al. 2006)

• Macro-scale methods consider administrative units, e.g. municipalities or regions
(Ward et al. 2013)

Recently, the direct economic losses due to flooding of an urban area in Hamburg has
been assessed at a micro-scale level (buildings) and then aggregated to a meso-scale level
by clustering similar buildings (Oumeraci et al. 2015). Although this approach required
more data and efforts, it provided better results than the common meso-scale assess-
ment. Moreover, it was also shown that direct economic losses alone cannot represent a
sufficient indicator for the severity of the losses and for decision making related to risk
mitigation measures. In addition, a consistent consideration of indirect economic losses
and intangible losses as well as their consistent aggregation was found to be crucial for
the outcomes of the integrated risk analysis (Oumeraci et al. 2015). Although performed
at the same scale of analysis, flood risk assessments show large differences in terms of
damage curves and economic evaluation, reflecting the adoption of different approaches
and underlying hypothesis (de Moel et al. 2009).

2.1.5 Risk assessment

Once both hazard and damage assessment steps are accomplished, the risk can be evalu-
ated according to Eq. 2.1. The risk measure, which normally is expressed as a monetary
cost per year, is representative of the tangible damage categories. However, the assess-
ment of flood risk for people, beside intangible damages, is required to understand the
potential consequences of an inundation and support risk management practises. Flood
fatality risk can be assessed both from an individual and societal point of view (Beckers
& De Bruijn; de Bruijn et al. 2014; Tapsell et al. 2002). The individual flood fatality risk
relates to the probability of a person dying as a result of a flood event at a certain location.
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This perspective focuses on hazardous locations without taking into account the popula-
tion density at those locations. Societal flood fatality risk is related to the probability of
events with many fatalities. It is expressed by a curve, which gives the annual probabil-
ity of an event with N or more fatalities (de Bruijn et al. 2014). It combines information
on flood hazards, flood extents and population density in flood-prone areas. Research
on loss of life in floods is sparse, and has been so far focusing on physical experiments
(Abt et al. 1989; Karvonen et al. 2000; Jonkman & Penning-Rowsell 2008; Xia et al. 2014)
or dam break catastrophes (Aboelata & Bowles 2008; Chakraborty et al. 2005). Most of
loss of life models are based on the location of the population at risk measured by its
distance from the dam and account for the depth of flooding, population distribution,
and effectiveness of warning and evacuation processes (Aboelata & Bowles 2008; US De-
partment of Homeland Security, 2011). Other models relate the mortality to past flood
events, which may not be representative anymore of current situation (Jonkman et al.
2002). Brown and Graham (1988) have developed a loss of life model based on the anal-
ysis of 24 historic dam failures and flash floods. In developing the model, they included
the statistical data on population at risk and warning time. An outline methodology and
an operational framework for assessing and mapping the risk of death or serious harm
to people from flooding at an intermediate or “community” scale has been presented by
Penning-Rowsell et al. (2005). It covers death and physical injuries as a direct and imme-
diate consequence of deep and/or fast flowing floodwaters (usually by drowning), and
the risk of death and serious physical injuries associated with the flood event. The param-
eters for hazard rating are water depth, flow velocity and distance from the river/coast.
However, the existing loss of life models suffer of many shortcomings. First, these mod-
els and the related criteria are empirical and second, they do not account for the actual
causes of drowning. Thus, the examination of existing reports about people fatalities
during floods is needed.

2.1.6 People fatalities

The characteristics of the flood and floodwater along with the characteristics and be-
haviour of the population determine the likelihood of a death due to flooding (Di Mauro
et al. 2012). It is widely recognized that, in developed countries, the majority of flood-
related fatalities occurs as a result of inexperienced people entering floodwater either
in boats, vehicles or on foot (Franklin et al. 2014). Currently the vehicles instability in
floodwaters is considered as the most aggravating factor of the flood risk in urban envi-
ronment for people’s safety (Figure 2.4). Many studies (Jonkman & Kelman 2005; Maples
& Tiefenbacher 2009; Fitzgerald et al. 2010; Meridith et al. 2010) have shown that the
first cause of death during a flood event is related to roads and vehicles. The interaction
between flood propagation and roads is crucial because roads are preferential channels
and they allow floodwaters to move into the cities. Second, the flow in the streets may
cause the instability of vehicles and street furniture, creating a temporary floating debris,
which is deposited when floodwaters lose their energy.

Usually the pictures taken in the aftermath of a flood event in the newspapers show
huge piles of vehicles swept away by floodwaters. Figure 2.5 shows a crossroad in Genoa
after the 2011 flash flood. Beside the damages to the cars and danger for people, the stack
of vehicles forms a barrier, which slows down the rescue and emergency activities.

Jonkman & Kelman (2005) reported that in the Netherlands the 33% of deaths for
drowning occurs in a vehicle and the 25% as a pedestrian. Maples & Tiefenbacher (2009)
show that a minimum of 216 deaths were caused by automobile immersion on flooded
roadways in Texas during the study period 1950-2004. The deaths occurred in at least 140
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FIGURE 2.4: The 2013 flash flood in Athens (source:
http://www.timesofmalta.com).

separate incidents. A decadal examination shows an increasing frequency of roadway-
drowning deaths in Texas. Fitzgerald et al. (2010) argue that the 48.5% fatalities is
related to vehicle use and 26.5% fatalities occurred because of inappropriate or high-
risk behaviour during floods (included driving in flooded streets). Therefore, it is clear
that the circumstances of flood-related casualties are crucial to identify appropriate risk
management strategies. Thus, the existing laboratory experiments (section 2.2) on ve-
hicles/people instability in flood flows may provide a physical framework for hazard
criteria.

Floods may have devastating impacts on the society, the environment and the
economy. The Floods Directive promotes a risk management approach consisting
in flood risk assessment and development of mitigation strategies. Assessing flood
risk means to consider its components, namely hazard, vulnerability and exposure.
People safety is the primary objective, but current hazard and risk maps do not allow
to relate flood characteristics with the main causes of people fatalities, which are in
order of importance driving and walking in water flows.

2.2 Experimental data on vehicles and people

2.2.1 Experiments on incipient motion of small scale vehicle models

Although the vehicles are so critical during floods in urban areas, a limited number of
studies have been carried out on the behaviour of cars facing a flood flow. Buoyancy, lift
and drag are recognized as the main hydrodynamic effects by which a stationary vehi-
cle becomes instable and floats or slides. Assuming that a car cannot be filled quickly
by floodwater, its density is much smaller than water density and most of the weight is
usually distributed in the lower front part (close to the engine in the majority of modern
cars). The floating instability occurs when the buoyancy and lift effect exceed the weight
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FIGURE 2.5: The aftermath of Genoa 2011 flood event (source:
http://www.italia45-45.it/alluvioni).

of the car. The sliding instability occurs when the drag force exceeds the resistance force
(i.e. tyre/road friction). Buoyancy and lift reduce the normal component of the weight
thus promoting sliding conditions even for very low water depths. While for road safety
purposes moving vehicles on a wet surface are considered (e.g. road-tyre adherence), for
urban flood safety, parked vehicles are also considered. A common flooding situation
is the one caused by failure of the street drainage system for intense rainfall, with flood
depth up to 0.2 m and velocities up to 0.25 m/s. Much less studied is the vehicle interac-
tion with flow conditions typical of river inundations or flash floods (Arrighi et al. 2015).
Most of the existing studies have been performed for road safety purposes, including
flume experiments in 1960’s and early 1970’s (e.g. Bonham & Hattersley, 1967; Gordon &
Stone, 1973) as well as theoretical analyses in the early 1990’s (e.g. Keller & Mitsch, 1993).
However, substantial changes in vehicle design have been introduced since these early
studies, especially in vehicle planform area, vehicle weight and ground clearance. There-
fore, the results of these earlier studies may no longer be representative of contemporary
vehicles (Cox & Shand 2010). In addition, some criteria, introduced for road drainage de-
sign, are empirical and completely neglect vehicle characteristics. Moreover, they mostly
account for water depth H as a representative flood parameter. A review of existing road
drainage design criteria related to road safety have been presented by Russo et al. (2005)
and are summarized in Table 2.1.

Recently, some studies have been carried out to investigate, at the laboratory scale,
the behaviour of parked vehicles in flooded streets (Shu et al. 2011; Xia et al. 2013; Xia,
Teo, et al. 2011; Teo et al. 2012). In the study by Xia et al. (2011), a formula has been
derived to predict the critical flow velocity for the incipient of flooded vehicles based on
the sliding stability. A series of flume experiments were conducted using three types of
scaled die-cast model vehicles, with two scales being tested for each type of vehicle (1:43
and 1:18). The three model vehicles were Mitsubishi Pajero, BMW M5 and Mini Cooper.
Since the models were not waterproof, the density was assessed considering the amount
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TABLE 2.1: International risk criteria in urban drainage based on water
depth H and flow velocity U (Russo et al. 2005)

Hydraulic parameters H U H · U H2 · U
Risk criteria by: (m) (m/s) (m2/s) (m3/s)
Denver (Wright-Mc Laughlin, 1969) 0.45 - - -
Mendoza (Nanìa, 1999) 0.3 - - -
Clark County (CCRFCD, 1999) 0.3 - 0.55 -
Austin (Austin Dep. Public Works, 1977) Function of spread - - -
Témez (Témez, 1992) 1.0 1.0 0.5 -
Abt (Abt et al., 1989) - - 0.5 -
Slide Stability (Nanìa, 1999) - - - 1.0
Overturning Stability (UPC, 2001) - - 0.45 -

of water filling the car. Each experiment consisted in gradually adjusting the velocity
in the laboratory flume for a given water depth until the onset of motion of the vehicle
model. Only a flow direction parallel to the longitudinal axis of the car was analysed
during the flume experiments. The experimental data obtained for the small-scale model
vehicles (1:43) were used to determine the two parameters α, β in the formula (Eq. 2.11)
derived (Eq. 2.10) by Xia et al. (2011):

Uc = α ·
(
H

Hv

)β
·

√
2g ·

(
ρc − ρ
ρ

)
·Hv (2.10)

where U c (m/s) is the critical incipient motion velocity, H (m) is the water depth, Hc
(m) is the vehicle height, ρc (kg/m3) is the vehicle density and ρ (kg/m3) is the water
density. The parameter β is an empirical coefficient relating the near bed velocity and the
average velocity according to the distance from the bottom of the channel and α is

α =

√
µav

CD·ad/ah+µCL

(1 +m)abβ
(2.11)

where CD and CL are the drag and lift coefficients respectively, µ is the friction coeffi-
cient, av is a coefficient representing the ratio between car volume and the volume of the
rectangular prism with the same geometric dimensions. Then, ah and ad are empirical
coefficient for calculating the area affected by lift and drag force respectively, ab is a co-
efficient related to the height of the vehicle, m is not defined. The prediction accuracy of
Eq. 2.10 was validated using the data obtained for the large-scale (1:18) model vehicles.
Finally, the corresponding the critical flow velocities for incipient motion of the vehicles
were computed for various incoming water depths using the formula for three prototype
vehicles. It is found that for a specified vehicle, the value of the critical flow velocity for
the onset of vehicle motion reaches its minimum as the incoming flow depth approaches
the height of the vehicle and the smaller and lighter vehicle is the easiest to start sliding
in floodwaters. Since the vehicle model can be filled by water, some fully submerged
conditions of onset of motion are considered (Figure 2.6).

In the study by Shu et al. (2011), the experiments on the incipient sliding of the vehicle
have been carried out using three different waterproof scale models (1:18). The vehicle
models were Ford Focus (small passenger vehicle), Ford Transit (middle van) and Volvo
XC90 (4WD vehicle). The models were filled with light foam in order to seal them. Thus,
the experiments were conducted under partially submerged conditions. The density of
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FIGURE 2.6: Experiments on fully (a) and partially (b) submerged Mit-
subishi Pajero (1:18) (from Xia et al., 2011).

the model vehicle was approximately equal to that of the prototype vehicle. A formula
to predict the flow velocity for incipient motion of vehicle was derived which accounts
for the forces acting on the vehicle

Uc = α ·
(
H

Hv

)β
·

√
2glc ·

(
ρc
ρ
· Hv
H
−Rf

)
(2.12)

where lc(m) is the length of the vehicle and Rf is

Rf =
Hv · γc
Hc · γ

(2.13)

with γc and γ as the specific weights of the car and the fluid, respectively and Hc is the
critical depth at which the vehicle starts to float. Two vehicles orientation angles were
considered. The orientation angle of 0◦ means that the front of a vehicle was facing the
direction of the incoming flow, while the orientation angle of 180◦ means that the rear
side was facing the incoming flow direction. The experimental results indicated that there
was not a substantial difference in the conditions of incipient motion for these two vehicle
orientation angles because the submerged area projected normal to the incoming flow for
the case of 0◦ was virtually equivalent to that for the case of 180◦ for a partially submerged
vehicle. The incipient velocity obtained in the experiments increased with the decrease in
the incoming water depth for each vehicle. Similar relationships between H and Uc were
obtained for orientation angles 0◦ and 180◦. Under the same flow velocity, the depth at
which the vehicle Volvo XC90 started to float was greater than the corresponding depth
for the Ford Focus or the Ford Transit. Therefore, there exists a significant difference in
the incipient motion conditions for various types of vehicles. The experimental results
were used to assess the flow velocity for the incipient motion of prototype cars, based on
scale ratios.

In the study by Teo et al. (2012), extensive investigations have been undertaken on
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stationary scaled die cast model vehicles in laboratory hydraulics flumes by conducting
a series of physical experimental studies on:

• the threshold of vehicle instability

• the effects of vehicle orientation

• the effects of ground surface gradient

The experimental studies were carried out on scaled die cast model including: a Mit-
subishi Pajero, BMW M5, Mini Cooper, and a Ford Escort. The selected characteristics of
the four vehicles differ in terms of size, design, shape, and weight: a new design of small
size, a new design of medium size, a large size vehicle, and an old design of medium
size. This range of vehicles was considered to provide a good coverage and comparison
on how the size (i.e. small, medium, and large), design shape (i.e. new and old with
aerodynamic considerations) and weight (i.e. light and heavy) of vehicles would affect
the conditions for the threshold of instability in urban floodplains. Based on these ex-
periments, the actual front and rear ends of the vehicles facing flows (i.e. 0◦ and 180◦)
resulted in higher values of both water depth and flow velocity for the threshold of in-
stability. As a matter of fact, although the aerodynamic design of these vehicles plays a
prominent role in hydraulic drag reduction, the smoothing front and rear ends of these
vehicles facing flows reduces the extent and intensity of the high pressure. As a result,
vehicles at these orientations to the flow require higher values of water depth and/or
flow velocity to reach the threshold for incipient motion of the vehicles. On the other
hand, the orientations for the side ends of vehicles facing the flow require smaller thresh-
old values. The lateral orientations (60◦ and 90◦) were recognized as one of the potential
critical conditions to first trigger the motion of vehicles. Four different surface slopes
of 1:100, 1:200, 1:300, and 1:1000 were tested in the laboratory flume. According to the
experimental results for all the partially submerged model vehicles, the threshold veloc-
ity for incipient motion decreased with increasing channel slope. In fact, larger channel
slopes decrease the horizontal weight component, which contributes to friction stability.
The most interesting result by Teo et al. (2012) is the diagram of instability for the vehi-
cles, that describes under which conditions of flood depth and velocity a vehicle becomes
unstable (Figure 2.7). Two sets of linear relationships were observed for each type of ve-
hicle during fully or partially submerged conditions, where the incoming water depth,
was greater or smaller than the height of a vehicle.

Figure 2.7 shows clearly two contrasting relationships, with reference to the height
of the vehicles. For the partially submerged vehicles (i.e. the incoming water depth is
smaller than the height of a vehicle), the findings show that the downward force is coun-
tered by increased buoyancy, whereas an increase in the flow depth lead to a correspond-
ing decrease of the flow velocity required to initiate vehicle motion. When vehicles are
fully submerged, i.e. both the projected area of the vehicle and drag coefficient are larger,
a lower threshold velocity was needed to induce a drag force large enough to overcome
the friction force. The critical threshold velocity for vehicles under partially submerged
conditions ranged from 2.0 to 8.0 m/s as compared to 2.0 -3.0 m/s under fully submerged
conditions. The above described results were used for preliminary risk assessment to de-
fine the hazard to vehicles parked on flooded streets (Xia et al. 2011). Further results
related to the influence of the flow orientation on the incipient motion of flooded vehicle
has been recently published (Xia et al. 2013). Three orientation angles (0◦, 180◦ and 90◦)
and two types of die-cast model vehicles (Honda Accor and Audi Q7) with two different
scales (1:14 and 1:24) were tested in the laboratory. The test results indicated that there
was not a substantial difference in the conditions of incipient motion for 0◦ and 180◦,



2.2. Experimental data on vehicles and people 19

FIGURE 2.7: Critical threshold values of hydraulic instability for vehicles
(Teo et al. 2012)

because the submerged area projected normal to the incoming flow for the former was
virtually equivalent to that for the latter for a partially submerged vehicle. However, the
test results for 90◦ evidently differ from those for 0◦ and 180◦. The experiments with
the Honda model show that for the same flow depth, the threshold velocity for 0◦ and
180◦ are slightly greater than that for the 90◦ orientation, due to the larger projected area,
which contributes to increase the drag force. The available experiments on the onset of
motion of modern vehicles (Shu et al. 2011; Xia et al. 2013; Xia, Teo, et al. 2011; Teo et al.
2012) have been carried out on small scale models, which may not be representatives of
prototype cars. The experimental results have been used to calibrate some formulae de-
scribing the critical flow velocity for incipient motion of vehicles. However, drag and lift
forces have not been measured during the experiments, thus the physical hydrodynamic
mechanisms underlying the onset of motion is still unclear. Moreover, the experimen-
tal data in terms of critical water depth and velocity are extremely scattered because the
vehicle weight and geometry plays an important role in the flow-vehicle interaction.

2.2.2 Experiments on people instability in flood flows

Human safety is generally the primary objective in any flood risk management strategy.
In section 2.1.6 the existing studies on people fatalities have illustrated that the main
cause of death for drowning is related to vehicles (Maples & Tiefenbacher 2009; Meridith
et al. 2010; Fitzgerald et al. 2010; Jonkman & Kelman 2005). However many casualties
occur also when people try to move in floodwaters (Di Mauro et al. 2012; Milanesi et
al., 2015; Chanson et al. 2014). Thus, understanding the safest way to face a flood might
be of crucial importance for management strategies (Franklin et al. 2014; Di Mauro et
al. 2012). Two hydrodynamic mechanisms that can cause human instability have been
usually distinguished in previous studies: moment instability (toppling) and friction in-
stability (sliding). Toppling occurs when the mobilising moment caused by the incident
flow exceeds the resisting moment caused by the resultant weight of the body (Abt et al.,
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1989; Jonkman & Penning-Rowsell 2008). Sliding occurs if the drag force induced by the
flow is larger than the frictional resistance between the person’s feet and the substrate
surface (Keller & Mitsch, 1993). Foster & Cox (1973) tested the stability of children with
different height and mass combinations in a laboratory flume and found that human sta-
bility to water flow is affected by a wide set of physical, emotional and dynamic factors.
They observed that failure was mainly caused by slipping, since the tests were performed
with high flow velocities and low water depths. Further tests by Abt et al. (1989) showed
that toppling should also be accounted. More recently, several experimental analyses
were performed on real adults and children (Takahashi et al., 1992; Keller and Mitsch,
1993; Karvonen et al. 2000; Yee, 2003; Russo et al. 2013) considering different train-
ing, wearing, environmental conditions and definitions of instability (Figure 2.8, Figure
2.9). These studies provide an experimental basis for an inversely proportional linear
relationship between mean flow velocity and depth (Shand et al., 2011), that are often
introduced as a reference in several national regulations on flood hazard zoning. These
empirical approximating functions are however purely regressive and do not allow to
establish an effective link between hazard level and physical effect. In order to over-
come some of the limitations of experimental activities and to provide an interpretative
framework, some conceptual models (Pan & Chanson, 2015) were introduced in the last
decades to describe the human stability as a function of flow velocity and water depth.
These models are based on different assumptions regarding the shape of the body, the
involved forces and the failure mechanisms. Love (1987) modelled a rectangular mono-
lith and recognized the role of the buoyancy force and of toppling instability. Lind et
al. (2004) tested both conceptual and empirical formulae finally calibrating a relation
based on the concept of the product number (i.e. water depth multiplied by flow velocity
Eq. 2.14). They modelled the human body as a rigid circular cylinder of diameter a and
height H . They proposed an equation for toppling instability, which yields the critical
depth speed product number (h · v)cr as

(h · v)cr =

[
πg

C
adH

(
1− h

H

)] 1
2

(2.14)

where C is the drag coefficient assumed equal to 1.2 and d (m) is the moment arm about
the pivot of toe.

Walder et al. (2006), studying a tsunami induced by a debris flow, developed a simpli-
fied approach (Eq. 2.15) to predict critical velocity Ucr for slipping to occur, disregarding
toppling instability and the role of the buoyancy force

Ucr ≈
√

µmg

ρCDDlDa
(2.15)

where m (kg) is the person mass, Da (m) is the distance from the sole of the foot to the
ankle and Dl (m) is the average diameter of the leg. Walder et al. (2006) also supposed
that, in waters of some sufficient depth people couldn’t stand even if the flow velocity is
negligible. They proposed a simple criterion of the form

hc ≈ 10Da

(
1− Umax

UC

)
(2.16)

where the factor 10 is equal to a selected selected maximum water depth divided by
Da, Uref is set equal to 2.5 m/s, which is about 50% of Ua. They also identified depth
thresholds for adult men, women and children evaluated from typical average mass
and physical characteristics. More advanced approaches were pursued by Jonkman &
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Penning-Rowsell (2008) and, recently, by Xia et al. (2014), who coupled experimental
and theoretical analyses. Jonkman & Penning-Rowsell (2008) tested an adult stuntman in

FIGURE 2.8: Experiments on human instability: water depth 1.07 m and
velocity 1.0 m/s (from Karvonen et al., 2000)

real channel conditions of low depth and significant velocity. Moreover, they calibrated
a simplified model for adults accounting for both slipping and toppling but neglecting
the buoyancy force. The resulting equations were calibrated on the basis of Abt et al.
(1989) and Karvonen et al. (2000)(Figure 2.8) data sets and fitted well the experimen-
tal points by Jonkman & Penning-Rowsell (2008), that actually are related to low depths
where buoyancy force plays a minor role for slipping instability. Recently, Xia et al. (2014)
conducted experiments on a human body model with geometric scale 1:5.54 (Figure 2.9).
They developed a strongly parametric scheme, introducing buoyancy force and consid-
ering both toppling and slipping failure mechanisms. They derived two formulae for the
critical velocity for slipping and toppling instability mechanism. The model was then
extensively calibrated by experimental data from the literature, disregarding the slipping
failure mechanism on the ground that it is considered of rare occurrence. The comparison
between experimental data of real humans and those of the human model illustrates that
the latter is more instable than real humans under the same flow conditions. In fact, the
human model could not adjust its standing posture according to the flow conditions and
therefore became unstable for lower velocities. The effect of the local bottom slope on
human stability was accounted for by Abt et al. (1989) and Jonkman & Penning-Rowsell
(2008), who considered values of slope steepness in a limited range below 1.5%. Milanesi,
et al., (2015) recently introduced a conceptual model for people instability in a fluid flow
also considering the effect of the local bottom slope and the effect of the density of the
fluid.

Cox & Shand (2010) and Russo et al. (2013) reviewed all the experimental data on
people instability from 1989 to 2008. They proposed hazard regimes for adults and chil-
dren collecting all the previous experimental data on people instability (Figure 2.10). The
proposed hazard regimes ( Cox & Shand 2010) are function of the product of water depth
H and velocity U,

U ·H = 0.4 (2.17)

is the hazard threshold proposed for children for water depth lower than 0.5 m, which is
considered a limiting value.

U ·H = 0.6 (2.18)
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FIGURE 2.9: Human model (scale 1:5.54) tested by Xia et al. 2014

FIGURE 2.10: Proposed hazard regimes for people (from Russo et al., 2013)

is the threshold between low and moderate hazard for adults.

U ·H = 0.8 (2.19)

is the recommended working limit for trained adults.

U ·H = 1.2 (2.20)

is proposed as the limit for extreme hazard for adults. The above criteria (Eqs. 2.17, 2.18,
2.19, 2.20 ) are currently used in Australia to develop safety guidelines for pedestrians in
flood. The criteria Eqs. 2.17, 2.18, 2.19, 2.20 are usually called product number curves.
They are empirical thresholds which attempt to interpret the large variability of critical
pairs of water depth and velocity observed in the experiments. For their empirical def-
inition the product number curves do not allow assessing the physical consequences of
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flow properties on human subjects. Moreover, they do not account for the type of insta-
bility mechanism involved (e.g. toppling or sliding) and are not defined for flow velocity
higher than 3.0 m/s, i.e. for supercritical flows. These characteristics make the product
number curves a simplified tool for people’s hazard mapping, which is the main advan-
tage justifying their large use. However a better understanding of instability mechanisms
for pedestrians in floodwaters would help defining physically based curves instead of
empirical ones with interesting benefits for flood risk mapping and educational purposes.
Over the last four decades, a number of laboratory-based experimental studies have been
undertaken to define the limits of stability under different flow regimes. Moreover, differ-
ent conceptual models have been developed to derive formulae for these stability limits.
Human stability within floodwaters has been found to be dependent on many factors.
The two most important factors are flow depth and velocity, with the depth dictating
whether loss of stability is by sliding (friction) or toppling (moment) failure. Large water
depths increase buoyancy and reduce friction underfoot typically resulting in tumbling
failure while low depth-high velocity flows may cause sliding instability (Cox & Shand
2010). The main evidence of the experimental data plotted in Figure 2.10 in terms of
critical pairs of water depth and flow velocity is that they are extremely scattered. This
occurs within an individual data sets and, to a more significant degree, when all data
sets are combined. In fact, instability conditions are strongly affected by diverse external
parameters, including the physical characteristics of the subjects (i.e. weight and height),
their level of training, clothing and experimental conditions (i.e. flume characteristics).
Thus, a precise identification of hazard regimes in dimensional terms is quite difficult.

The literature on people instability under water flows is sparse and existing
datasets are affected by a large scatter, which depends on the large variability of hu-
man characteristics, such as weight and height. Conceptual models identified two
instability mechanisms, namely toppling and sliding. Only a few recent laboratory
tests, carried out to to detect the critical pairs of water depth and velocity, have in-
vestigated the incipient motion of small scale model vehicles. However, instabil-
ity diagrams suffer again from a large scatter depending on vehicles characteristics.
Moreover the transferability of these findings to prototype vehicles and the role of
hydrodynamic forces has not been studied so far.

2.3 Numerical modelling

2.3.1 Effects of an obstacle in a fluid flow

In a natural environment, the presence of a bluff body immersed in a fluid affects the
flow around it (Bearman & Morel 1983; Rodi, 1997). The mechanics of the flow around
a bluff body and the interaction between fluids and objects is a subject mostly studied
in aerodynamics for its implications on the design of structures and infrastructures (i.e.
vibrations). In free surface flows, such as in rivers, a common case is the presence of
boulders on the bed, which affect the water flow as an increased roughness (Olsen &
Stokseth, 2010), while in an urban environment, for instance, a building is an obstruction
affecting the propagation of a flood (Syme, 2008). The main effects of the interaction
between fluids and structures are:

• flow separation and generation of complex vortices and wakes

• non-uniform 3D flow in the near field around the body
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• hydrodynamic solicitation of the body

The prominence of these effects depends on the characteristic of the flow and on the
geometry of the body. A vehicle or man immersed in floodwaters behave as obstacles
to the flow, thus interact with the flow field. The immersed body is affected by hydro-
dynamic forces generated by non-uniform pressure distribution around the body (drag
and lift forces). The study of flow around an obstacle is of large importance in many
fields starting from industrial applications (e.g. aerodynamics of vehicles) up to environ-
mental applications (e.g. dispersion of pollutants, scour evaluation around submerged
structures) (Zhang et al. 2006; Campana et al. 2006; Tseng et al. 2006; Teruzzi et al.
2006; Ataie-Ashtiani & Aslani-Kordkandi 2013; Malavasi & Guadagnini 2003). Given the
complexity of such problems, the common approach is to describe the flow considering
three dimensions in order to capture all the effects (e.g. turbulence) and evaluating the
consequent stresses. Starting from the 1960s the analysis of systems involving fluid flow
has been carried out through Computational Fluid Dynamics (CFD) (Ferziger, J.H., Peric
2002; Anderson, 1995).

2.3.2 CFD numerical modelling

First works on CFD solutions appeared during 1950’s and 60’s as an attempt to solve the
high velocity and temperature re-entry problem (Anderson, 1995). The introduction of
the time averaging technique provided an important advance on the CFD solutions, mak-
ing practical the use of this tool for several applications (Anderson, 1995). CFD models
based on solutions of the Navier-Stokes (NS) equations can provide accurate and detailed
solutions of the flow around a bluff body. The NS equations are a set of non-linear par-
tial differential equations that can describe the fluid motion. Several numerical models
are based on the solution of these equations but assumptions and considerations are nor-
mally implemented to simplify the NS equations (e.g., time and volume averaging tech-
niques). The Reynolds Averaged Navier-Stokes equations (RANS), the Volume-Averaged
RANS equations (VARANS) are some of the set of equations derived by simplification of
the original NS equations in order to solve practical problems. The decomposition al-
lows the separation of the time-averaged and time-fluctuating quantities: the time aver-
aged quantities are calculated directly through the set of equations, while the fluctuating
components are modelled by the turbulence models, as closure of the RANS equations
(Ferziger, J.H., Peric 2002). Considerable research efforts have been dedicated to the de-
velopment of numerical methods to capture the effects due to turbulence. These methods
can be grouped into the following three categories:

• Turbulence models for Reynolds-averaged Navier-Stokes equations (RANS): the
attention is focused on the mean flow and the effects of turbulence on mean flow
properties. Prior to the application of numerical methods the Navier Stokes equa-
tions are time averaged (or ensemble averaged in flows with time-dependent bound-
ary conditions). Extra terms appear in the time-average flow equations due to the
interactions between various turbulent fluctuations. These extra terms are mod-
elled with classical turbulence models: among the most common ones are the k − ε
model and the Reynolds stress model (Lumley, 1977; Speziale, 1991; Nagata et al.,
2005). The most common RANS turbulence model are classified according to the
number of additional transport equations that need to be solved (e.g. zero for
the mixing length model, two for k − ε model). These models form the basis of
standard turbulence calculation procedures in currently available commercial CFD
codes (Ferziger, J.H., Peric 2002).
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• Large eddy simulation (LES): this is an intermediate form of turbulence calcula-
tions, which tracks the behaviour of the larger eddies. The method involves space
filtering of the unsteady Navier-Stokes equations prior to the computations, which
passes the larger eddies and rejects the smaller eddies. The effects on the resolved
flow (mean flow plus large eddies) due to the smallest, unresolved eddies are in-
cluded by means of a so-called sub-grid scale model. The method starts with the
selection of a filtering function and a certain cut-off width with the aim of resolving
in an unsteady flow computation all those eddies with a length scale greater than
the cut-off width. In the following step, the spatial filtering operation is performed
on the time-dependent flow equations. During the spatial filtering, information re-
lated to the smaller filtered-out turbulent eddies is destroyed (John, 2004; Tseng et
al., 2006; Kim et al., 2015).

• Direct numerical simulations (DNS): these simulations compute the mean flow and
all turbulent velocity fluctuations. The unsteady Navier–Stokes equations are solved
on spatial grids that are sufficiently fine that they can resolve the Kolmogorov
length scales at which energy dissipation takes place and with time steps suffi-
ciently small to resolve the period of the fastest fluctuations. These calculations are
highly costly in terms of computing resources, so the method is generally not used
for industrial flow computations (Moser et al. 1999; Scardovelli & Zaleski 1999).

Vehicles are commonly studied with aerodynamics purposes, in order to improve
their design with a decrease in the aerodynamic resistance (Zhu et al. 2012). The nu-
merical modelling approach to the problem of incipient motion of vehicles/people
glances at the study of free surface flows past bluff bodies (Arrighi et al. 2015). The
flow around a fully submerged rectangular cylinder and other simple-shape bod-
ies has been studied by many researchers so far both numerically (Vickery 1966;
Zou et al. 2008) and experimentally (Malavasi & Guadagnini 2003). There are only
a few references for partly submerged conditions and subcritical flow conditions
(Malavasi & Guadagnini 2003; Arslan et al. 2013) and references can hardly be
found for partially submerged complex objects leaning on a channel bed under
both subcritical and supercritical flows. The most used approaches to model the
flow around bluff bodies are RANS equations with k− ε or k−ω closures (Olsen &
Stokseth; Nagata et al., 2005) and LES simulations (Kim et al., 2015). Transition to
supercritical conditions may substantially alter the pressure distributions and the
resulting drag and lift forces, as already observed in the study of hydrodynamics
of marine vehicles (Chapman, 1972; Savitsky & Ward-Brown 1976; Faltinsen, 2006).
Therefore, the choice of an appropriate numerical framework to study the hydro-
dynamics of a partly submerged vehicle is not straightforward.

2.3.3 CFD codes

CFD codes are structured around the numerical algorithms that can tackle fluid flow
problems. In order to provide easy access to their solving power, commercial CFD pack-
ages include sophisticated user interfaces to input problem parameters and to examine
the results. Hence, all codes contain three main elements: (i) a pre-processor, (ii) a solver
and (iii) a post-processor. Pre-processing consists of the input of a flow problem to a
CFD program by means of an operator-friendly interface and the subsequent transfor-
mation of this input into a form suitable for use by the solver. The user activities at the
pre-processing stage involve:

• Definition of the geometry of the computational domain
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• Grid generation i.e. the subdivision of the domain into a number of smaller, non-
overlapping sub-domains (cells)

• Definition of fluid properties

• Specification of appropriate boundary conditions at cells in the domain boundary

The solver is identified by the numerical solution technique adopted. The numerical
algorithm consists of the following steps:

• Integration of the governing equations of fluid flow over all the finite control vol-
umes of the domain

• Conversion of the resulting integral equations into a system of algebraic equations

• Solution of the algebraic equations by an iterative method

The post-processing phase allows to:

• Display domain geometry and grid

• Plot results

One of the most promising open source code for CFD analysis is OpenFOAM R©, other
well-known commercial packages are ANSYS Fluent (http://www.ansys.com) and FLOW-
3D (www.flow3d.com). The OpenFOAM R©(Open Field Operation and Manipulation)
CFD Toolbox is a free, open source CFD software package produced by OpenCFD Ltd
(OpenFoam, 2013). It has a large user base across most areas of engineering and science,
from both commercial and academic organizations (Lindmeier et al. 2010; Campbell &
Paterson 2011; Liu & Ph 2013). OpenFOAM has an extensive range of features to solve
any complex fluid flow problem involving chemical reactions, turbulence and heat trans-
fer, but also solid dynamics and electromagnetics. It includes tools for meshing, a paral-
lelized mesher for complex CAD geometries, and for pre- and post-processing. Almost
all tools (including meshing, and pre- and post-processing) runs in parallel as standard,
enabling users to take full advantage of computer hardware at their disposal. By be-
ing open, OpenFOAM offers users complete freedom to customize and extend its exist-
ing functionality, either by themselves or through support from Open CFD (OpenFoam,
2013). OpenFOAM includes many solver applications (Bohorquez 2008; Deshpande et al.
2012; Lee et al. 2014) that simulate specific problems in engineering mechanics and many
utility applications that perform pre- and post-processing tasks (e.g. meshing, data visu-
alization). Among the standard libraries, it provides forces and force coefficients calcula-
tions (libforces.so) and post-processing. For simulating flows around complex geometries
the snappyHexMesh utility is usually considered as optimal for refining the mesh cells
around the objects.

Bluff bodies immersed in fluids generate complex 3D flows, with vortices and
wakes. The study of the hydrodynamic forces acting on bluff bodies is often carried
out using Computational Fluid Dynamics analysis (CFD). CFD codes allow discretiz-
ing the geometry of the domain and integrating the governing equations of fluid flow
over all the finite control volumes, through the specification of appropriate boundary
conditions and fluid properties. Among the existing codes OpenFOAM R©is an open
source package capable of handling complex meshes and forces calculation, widely
used for many engineering applications.
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2.4 Summary and implications for the research

Figure 2.11 summarizes the conceptual link between the topics addressed in this chapter.
Following the definition of flood risk, the current flood hazard and damage assessment
methodologies have been reviewed. Among the common categories of flood damages
defined in the Floods Directive (European Parliament, 2007), the potential adverse conse-
quences on human health have been selected. The available loss of life models (Aboelata
& Bowles 2005; Mauro et al. 2008; de Bruijn et al. 2014) and reports on the causes of
people fatalities have been reviewed. Two main causes of death have been identified in
the literature (Jonkman et al. 2002; Jonkman 2007; Maples & Tiefenbacher 2009; Fitzger-
ald et al. 2010). The first cause of drowning is vehicles-related and the second occurs
as pedestrian. In fact, vehicles can be easily swept away during a flood also for very
low water depths and high velocity, and people awareness is very limited (Franklin et
al. 2014; Arrighi et al. 2015). Therefore, the available studies on vehicles instability and
people instability in floodwaters have been discussed. The critical threshold conditions
for vehicle safety adopted for the design of road drainage systems (Russo et al. 2005) are
empirical and mostly consider only water depth as relevant parameter. Existing flume ex-
periments on the incipient motion conditions of fully and partly submerged vehicles (Xia
et al., 2011; Shu et al. 2011; Teo et al. 2012; Xia et al. 2013) have been carried out on small
scale models. The derived instability diagram show a large scatter in incipient motion
conditions expressed in terms of water depth and flow velocity, because the character-
istics of the tested vehicles (i.e. weight, height, height of the planform) strongly differ.
The conceptual models so far elaborated, do not account for the actual three-dimensional
geometry of the human body (Abt et al. 1989; Lind et al. 2004; Milanesi et al., 2015). Ex-
periments on human instability in floods (Abt et al. 1989; Karvonen et al. 2000; Jonkman
& Penning-Rowsell 2008; Xia et al. 2014) carried out both on real people and on human
scale models exhibit again large scatters within individual data sets and, to a more sig-
nificant degree, when all data sets are combined (Cox & Shand 2010). Thus, they allow
introducing purely regressive hazard criteria (Cox & Shand 2010; Russo et al. 2013). Ad-
vanced hydrodynamic models may be capable of describing the flow around partially
submerged bodies of complex shapes under different free surface flow regimes, thus al-
lowing to calculate the pressure distribution, forces and moments on these bodies. Com-
plex 3D geometries can be handled by recent mesh generation algorithm (OpenFoam,
2013). Therefore, the OpenFOAM CFD toolbox is considered in the present study since it
is a 3-dimensional open-source software capable to perform free surface (or two-phase)
simulations around 3D obstacles as well as to calculate hydrodynamic forces. Moreover,
its meshing tools are optimal to refine computational cells around bodies with complex
3D geometries and the solvers capabilities have been validated thanks to the extensive
use of the code in many engineering problems so far.

2.5 Specification of objectives and methodology

Human health is the primary objective in flood risk management strategies. The current
knowledge about the instability of people and vehicles under water flow is not adequate
to propose hazard criteria to be applied in flood mapping and to support people educa-
tion. Based on the results of the analysis of the current knowledge and on the identified
gaps of knowledge, the objectives and the methodology of the PhD study are specified
more precisely in this section.
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2.5.1 Specification of objectives

The objective of this research is to deepen the knowledge of the instabilization phe-
nomenon of vehicles and people under water flow. The investigation of motion mech-
anisms aims at identifying some parameters capable of supporting the introduction of
new hazard criteria for flood risk mapping. The specific objectives are listed below.

(i) Introduction of a new dimensionless mobility parameter able to account both for
flood and vehicles/people characteristics:

• Analysis of the hydrodynamic forces acting on a partly immersed body (i.e. vehi-
cles and people).

• Identification of a new dimensionless parameter to describe the threshold of in-
stability for vehicles and pedestrians reducing the large scatter of experimental
datasets.

• Representation of existing experimental data about people and vehicles with the
new parameter.

• Validation of the mobility parameter.

(ii) Numerical modelling of incipient motion conditions in OpenFOAM to better under-
stand the underlying mechanisms and the most relevant parameters affecting incipient
motion:

• Reproduction of existing physical flume experiments on the incipient motion of
scale models of vehicles and human bodies described as a function of the mean
flow properties (H, U).

• Simulation of Froude-scaled incipient motion conditions.

• Mean flow description around the immersed vehicles and human bodies, and eval-
uation of hydrodynamic forces/moments.

• Identification of most relevant parameters and scaling numbers.

• Validation of the numerical model against the result of the stability analysis based
on the new mobility parameter.

(iii) Application of the new hazard criteria to real case studies:

• Demonstration of the feasibility of the application of the new mobility parameter
in flood maps.

• Generation of new hazard maps for vehicles and people to support risk manage-
ment strategies.

• Qualitative validation through comparison between reconstructed floods and pic-
tures taken during the events.

2.5.2 Specification of methodology

The main tasks of the present research are illustrated in Figure 2.12 and the phases of the
works are described below.

(i) In phase I, a comprehensive analysis of the current knowledge is conducted with
the aim of identifying knowledge gaps, missing approaches and other limitations in the
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literature. This phase also includes the review of published experimental data and con-
ceptual models. In addition, the capabilities of available CFD codes are analysed for the
simulation of the flow around a partially immersed bluff body. As a result of this first
step, the objectives and methodology of the research are specified more precisely.

(ii) In phase II, the equilibrium conditions for the onset of motion are analysed. The
hydrodynamic forces on a flooded vehicle and on a person standing in floodwaters are
described. The obtained limit state equation is manipulated in order to identify rele-
vant dimensionless groups of variables. The physical characteristics of the flow and the
geometric characteristics of vehicles and people are considered accordingly in order to
reduce the scatter of existing experimental data. As a result, a new mobility parameter is
developed, which is capable of accounting both for flood and object characteristics.

(iii) In phase III, a numerical model in OpenFOAM is set up considering vehicles and
people and focusing on the mean flow properties for which the data are available from
previous experiments. First, a 3D detailed geometry of a medium passenger vehicles and
the appropriate tool for mesh generation are selected. A sensitivity analysis of the mesh
resolution is performed to choose the adequate level of the mesh refinement. A sensi-
tivity analysis with respect to the choice of the turbulence model is carried out to find a
compromise between accuracy and computational time. Then boundary conditions are
specified in order to reproduce the existing flume experiments. Froude similarity is ap-
plied to scale the experimental data in order to simulate prototype vehicles. Similarly,
the simulations reproducing the experimental instability conditions of people are carried
out.

(iv) In phase IV, the numerical results are analysed and represented through graphs
in order to allow the proper description of the main findings. The numerical results are
compared with the mobility parameter introduced in phase II to validate the model. The
main underlying assumption of the numerical model are analysed and discussed.

(v) In phase V, new hazard criteria are defined starting from the dimensionless rela-
tionships found in phase II. The applicability of the introduction of the new approach
proposed for the instability of vehicles and people in flood maps is demonstrated for two
case studies.

(vi) In phase VI, the key findings are summarized and critically discussed. Finally,
the limitations of the study are identified. Implications for future research are drawn.
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FIGURE 2.11: Summary of the topics described in the review of the current
knowledge.
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FIGURE 2.12: Methodology of the research and structure of the PhD thesis.
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Chapter 3

Incipient motion of parked cars and
pedestrians under water flow

3.1 Incipient motion of parked cars

3.1.1 Mobility parameter of parked cars

The two recognized hydrodynamic mechanisms by which the stability of a stationary ve-
hicle (i.e. parked) is lost are floating and sliding. Assuming that a car cannot be filled
quickly by floodwater, its density is much smaller than water density and most of the
weight is usually distributed in the lower front part (close to the engine in the majority
of modern cars). The floating instability occurs when the buoyancy and lift effects ex-
ceed the weight of the car. The sliding instability occurs when the drag force exceeds the
resistance force (i.e. tyre/road friction). These two mechanisms interact as the effect of
buoyancy and lift reduce the normal component of the weight thus promoting sliding
conditions even for very low water depths. The incipient motion of flooded vehicles can
be approached with some similarity to the study of sediment transport in rivers, also tak-
ing into account the peculiar features of the vehicles. The main parameters of a vehicle,
which influence its incipient motion are: shape, specific weight, weight distribution, el-
evation of the chassis over the channel bed, degree of submergence. Vehicles, when not
filled with water, have a lower density than sediments so they can float, i.e. even under
still water conditions they may become unstable for water depths lower than their height
(partial submergence). Moreover, the weight distribution of a common modern car is not
homogeneous as most of the weight is concentrated in the frontal lower part where the
engine is placed. The car cockpit instead is almost empty. Regarding the position, a car
body is not directly placed on the ground, but it leans on the tyres, allowing water to
pass under the vehicle. The forces on a parked vehicle under water flow are, as shown in
Figure 3.1, weight, buoyancy, drag, lift and friction.

FIGURE 3.1: Forces acting on a parked vehicle under water flow.
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Following the assumptions by Xia et al. (2011) and Shu et al. (2011), the bottom
of the channel is horizontal, the gravity force (weight) is orthogonal to the bottom, and
the instability mechanism considered is sliding (i.e. the wheels are locked). The car is
considered as a rigid body and the friction coefficient is assumed as constant for all the
types of vehicles and all hydraulic conditions considered. Values in the range 0.3-0.5 for
the static friction coefficient are generally adopted for tyres on a wet surface (Bonham
& Hatterseley, 1967; Gordon & Stone, 1973; Cox & Ball, 2001). The onset of motion by
sliding of a vehicle is modelled using the parameters defined in Figure 3.2, where HV is
the height of the vehicle, hc is the height of the planform, L is the length and l is the width
of the vehicle while U is the undisturbed mean flow velocity and H the water depth. We

FIGURE 3.2: Definition of geometric parameters of the vehicle and water
flow parameters.

considered as reference area for forces calculations the area of the vehicle above the level
of the chassis since it is assumed that the motion occurs for water depths higher than
the planform. Incipient sliding on a horizontal bed occurs when drag force D on the car
body just exceeds the friction force of the tyres on the bottom (Eq. 3.1). The friction force
is commonly defined as the product of the friction coefficient µ and the resultant normal
force, which is the weight of the car (W ) minus buoyancy B and lift force Li

D > (W −B − Li) · µ (3.1)

where:

D =
1

2
· ρ · CD · (Hv − hc) · l · U2 (3.2)

W = ρc · g · (Hv − hc) · l · L (3.3)

B = ρ · g · (H − hc) · l · L (3.4)

Li =
1

2
· ρ · CL · L · l · U2 (3.5)

Here ρc is the car bulk density estimated as total weight divided by body volume, ρ is
the water density, g is the gravity acceleration, HV is the height of the vehicle, hc is the
distance of the chassis from the ground, l and L are the frontal width and the length of
the vehicle, respectively. H is the undisturbed water depth, U is the mean flow velocity,
CD is the drag coefficient, CL is the lift coefficient defined with respect to the planform
area L · l while for the drag coefficient the total frontal area is used. For partly submerged
conditions, the reference area for the drag force could be also assumed equal to the wet
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area in undisturbed conditions (H − hc) · l, but since the flow-object interaction gener-
ates possible backwater effects and local changes to the water profile, the determination
of the actual wet area is not straightforward. Thus a reference area not affected by local
flow effects is preferred. The selection of the reference area for the hydrodynamic forces
is arbitrary, so the use of the wetted area is optional. Drag and lift coefficients are de-
rived from dimensional analysis and the reference area is an arbitrary scale factor with
dimensions of (length)2. Thus, wetted area and full frontal area are commonly used in
engineering practice (Fox and McDonald, 1978; Hoerner, 1965; Bertin and Smith, 1979).
Obviously, consistency between reference area and force coefficients possibly evaluated
through numerical simulations must be ensured. After substitution of the single forces
from Eqs. 3.2, 3.3, 3.4, 3.5 in Eq. 3.1 and after some meaningful rearrangements of the
terms and variables, Eq. 3.1 yields:(

CD
µ

+ CL ·
L

Hv − hc

)
· U2

g(H − hc)
= 2L · ρc (Hv − hc)− ρ (H − hc)

ρ (H − hc) (Hv − hc)
(3.6)

which can be written in a more condensed dimensionless form as

C · Frv2 = θV (3.7)

with

Frv
2 =

U2

g(H − hc)
(3.8)

where Frv is the Froude number of the flow adjusted for the height of the chassis of the
car.

C =
CD
µ

+ CL ·
L

Hv − hc
(3.9)

C includes the coefficients for drag CD, for lift CL and for friction µ. It can be noticed
that drag and lift coefficients are weighted respectively by the friction coefficient µ and

L
Hv−hc . The latter refers to a shape factor representing the relevance of the lift force on the
overall equilibrium, in fact the more the vehicle is long the higher is the contribution of
lift effect.

θV =
2L

(Hv − hc)
·
(
ρc · (Hv − hc)
ρ · (H − hc)

− 1

)
for H > hc (3.10)

θV is the mobility parameter of the vehicle composed of two terms. The first term 2L
(Hv−hc)

accounts for the shape of the vehicle, the second term ρc·(Hv−hc)
ρ·(H−hc) − 1 for the relative im-

mersed weight of the car. The mobility parameter θV is defined for water depths larger
than the height of the chassis of the vehicle (H > hc).

According to Eq. 3.7, the incipient motion conditions are essentially governed by the
ratio of inertial and gravitational forces (i.e. Froude number), the geometry of the vehi-
cle and the immersed weight. The mobility parameter θV increases quadratically with
the Froude number of the vehicle. An aerodynamic vehicle shape (i.e. L >> HV − hc)
increases the shape factor and consequently θV . The mobility parameter θV can be es-
timated from the experimental mean flow data H , U once the geometry of the vehicle
model is known. Also the adjusted Froude number Frv is easily assessed, but the three
coefficients (CD, CL and µ) determining parameter C are unknown. Drag and lift coeffi-
cients CD and CL, in Eq. 3.9 quantify the effect of the immersed body in the fluid flow in
terms of mobilizing hydrodynamic forces. CD andCL can be separately assessed through
numerical simulations (or with flume experiments). The analysis of the forces acting on
a partly submerged object hints the dependence of θV on the parameter Frv, which will
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be used for the validation of the coefficients estimated with the numerical model (see
5.1.3). However since the use of Froude number of the flow, is practically handier for
most engineering applications (i.e. inundation mapping), also the dependence of θV on
Fr = U

(gH)0.5
is tested. In fact, the available flood maps provide information on wa-

ter depth and flow velocity, thus allowing the calculation of the spatial distribution of
Froude number Fr in the inundated area, which will be used for the urban scale appli-
cation (see chapter 6). The use of Froude number Fr instead of Froude number adjusted
for the height of the car planform Frv does not significantly affect the correlation with
the mobility parameter θV as shown in Figure 3.3 and Figure 3.5.

3.1.2 Application of the mobility parameter to available experimental data

In order to represent the incipient motion conditions the Froude number of the undis-
turbed flow Fr = U

(gH)0.5
, and the mobility parameter θV are chosen. The experimental

data by Xia et al. (2011) and Shu et al. (2011) on six different vehicle models are re-
analyzed using θV and Fr to determine the threshold for vehicle motion. The bulk den-
sity of the cars (Table 3.1) is evaluated through a graphic method to calculate the volume
(confirmed by the author Xia, personal communication). The six tested vehicle models
differ in scale, geometry and specific weight. The 1:43 scaled car models tested by Xia et
al., 2011 were filled by water thus, their density was larger than water density (Table 3.1).
4WD vehicles have higher planform and thus higher values of the ratio hc/HV than the
other car types. The results of the re-analysis of the data are shown in Figure 3.3.

FIGURE 3.3: Mobility parameter θV versus Froude number Fr of undis-
turbed flow using the experimental data of Xia et al. (2011) and Shu et al.

(2011).

All the experimental data points in Figure 3.3 (logarithmic scale on Fr and θV axes),
both for the vehicles scale 1:43 models filled by floodwater (Xia et al., 2011) and for the
vehicles scale 1:18 waterproof models (Shu et al., 2011), lie on the same curve θV = f(Fr).
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TABLE 3.1: Characteristics and mobility parameter of the car models for
different submergence H/HV = 0.25− 1.0

Vehicle type Pajero jeep BMW M5 Mini Cooper Ford Focus Volvo X5 Ford Transit
Model scale 1:43 1:43 1:43 1:18 1:18 1:18
Car height HV (m) 0.042 0.038 0.032 0.082 0.099 0.109
Chassis height hc (m) 0.004 0.003 0.003 0.007 0.01 0.008
Car bulk density (kg/m3) 1241 1480 1544 254 198 165
θV (for H/HV = 1) 1.48 3.30 3.24 -5.01 -5.28 -4.80
θV (for H/HV = 1/2) 13.60 18.17 16.72 -2.72 -3.24 -3.49
θV (for H/HV = 1/3) 36.86 42.91 39.30 0.65 0.57 -1.50
θV (for H/HV = 1/4) 90.38 86.15 79.24 5.48 8.85 1.53

This curve represents the critical threshold of incipient vehicle motion: stable vehicle in
the zone above the curve and unstable vehicle below the curve. The value of the mobility
parameter changes significantly for different bulk density and for different submergence
H/HV of the vehicles (Table 3.1). Froude number Fr ranges from 0.1 (subcritical flow) to
5 (supercritical flow) and mobility parameter θV from 0.1 (buoyancy prevails) up to 275
(drag force prevails). No discontinuity appears in the diagram at the transition from sub-
critical to supercritical flow (Fr = 100). Table 3.1 shows the value of θV for the different
car models and relative water depths (submergence). The waterproof car models (Focus,
Volvo and Transit) can have a negative value of θV also for partially submerged condi-
tions since their density is lower than the water density. Thus, they start floating before
the water submerges the vehicle and the incipient motion occurs for buoyancy instability
before sliding. Figure 3.4 shows the experimental data by Shu et al. (2011) and by Xia et

FIGURE 3.4: Experimental data by Shu et al. 2011 (left panel) and by Xia et
al. 2011 (right panel) scaled to prototype values.

al. (2011) scaled to prototype values using Froude’s similarity law. For waterproof scale
1:18 vehicles (left panel), the range of prototype-scaled critical velocity is 0.15-6 m/s and
the range of water depths is 0.16-0.62 m. For scale 1:43 vehicles (right panel), the range of
prototype-scaled velocity is 2.1-8 m/s and the range of water depths is 0.5-4.85 m. Using
the same data in Figure 3.3, the scatter reduces significantly and a unique curve is able
to represent both experimental datasets, which cover different ranges of water depth and
flow velocity. If Froude number of the vehicle Frv (Eq. 3.8) is used, Figure 3.5 is obtained.
In this case the values in the horizontal axis range from 0.2 up to 26. Although there is a
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higher correlation between θV and Frv, with a determination coefficient of 0.97 instead
of 0.83 (see Fig. 3.14) the dimensionless diagram θV versus Froude number of the flow
Frv has the advantage of being more easily related to the properties of flow regime and
thus it is preferred for practical use, comparison with pedestrians’ stability (Fig. 3.14)
and hazard mapping (see chapter 6).

FIGURE 3.5: Mobility parameter θV versus Froude number Frv of the ve-
hicle using the experimental data of Xia et al. (2011) and Shu et al. (2011).

3.1.3 Effect of flow orientation on the mobility parameter

Parked cars can be parallel to the longitudinal axis of the street or may have different
orientations depending on the geometry of the parking lot. Thus, the effect of flow orien-
tation has to be taken into account in order to better understand the mechanisms under-
lying incipient motion of vehicles. The mobility parameter in Eq. 3.10 has to be modified
to include the orientation of the vehicle with respect to the flow direction. The most rel-
evant effect of the angle of incidence is a change in the area of the vehicle, which faces
the flow and thus contributes to the drag force (Figure 3.6). Figure 3.6 shows that frontal
and rear areas (A0 green bar) are smaller than lateral area (A90 yellow bar) and the latter
is even smaller than the area corresponding to the angle of flow incidence 65◦ (red bar).
To account for the angle of flow incidence, the reference area for the drag force in Eq. 3.2
is modified. Eq. 3.1 describes the incipient sliding on a horizontal bed of a vehicle in
floodwater. For any given flow orientation the drag force D is referred to the full area
projected normally to the flow and given by Eq. 3.11:

D =
1

2
· ρ · CD · U2 · (l · cosβ + L · sinβ) · (Hv − hc) (3.11)

where β is the angle of flow incidence (see Figure 3.7). Lift force is given by Eq. 3.12
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FIGURE 3.6: Plan view of the surfaces affected by drag force according to
the angle of flow incidence.

FIGURE 3.7: Geometric scheme for a vehicle with angle of flow incidence
β.
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TABLE 3.2: Characteristics of Honda Accor (prototype and scale 1:14)(Xia
et al., 2013)

Vehicle Length (m) Width (m) Height (m) Kerb weight (kg)
Honda Accor prototype 4.95 1.845 1.480 1631
Honda Accor 1 : 14 0.353 0.134 0.062 0.107

Li =
1

2
· ρ · CL · U2 · (l · L) (3.12)

Where CL is defined as referred to the actual area of the lift force which is the planform
area l · L (as in Eq. 3.5). Substituting Eqs. 3.11 and 3.12 in Eq. 3.1 and after some
manipulations to separate the geometric characteristics from the dynamic characteristics,
the relationship in Eq. 3.7 is obtained again. The mobility parameter θV is now obtained
by introducing correction factor for 0◦ < β < 90◦ in Eq. 3.10:

θV =
2L

(Hv − hc)
· α ·

(
ρc · (Hv − hc)
ρ · (H − hc)

− 1

)
for H > hc (3.13)

where
α =

l

l · cosβ + L · sinβ
(3.14)

is the dimensionless parameter accounting for the flow orientation (i.e. 0◦ < β < 90◦)
assuming the hypothesis of the existence of two axis of symmetry of the car. The as-
sumption is based on the experimental results by Shu et al., (2011) and Xia et al. (2013),
that demonstrated the equivalence of frontal and rear impact (i.e. 0◦ and 180◦) for the
incipient motion. For β = 0◦ (or the equivalent 180◦) the absolute value of parameter α
is equal to 1, so that Eq. 3.13 transforms to Eq. 3.10. In order to verify Eq. 3.13, which
accounts for the angle of incidence of the flow, the experimental data by Xia et al. (2013)
on the threshold of vehicle instability for three orientation angles have been selected.
Two types of die-cast model vehicles (Honda Accor and Audi Q7) were tested. The ex-
perimental data regarding the Honda Accor model have been used to calculate Froude
number Fr and mobility parameter. The geometric characteristics of Honda Accor are
shown in Table 3.2.

Three angles of flow incidence are considered in the study (0◦, 180◦, 90◦) (Figure 3.8).
The experiments show that for the same water depth, the incipient velocity for the ori-
entations of 0◦ and 180◦ are slightly greater than for the 90◦ orientation for the Honda
model, due to the larger projected area (Xia et al., 2013). The verification in Figure 3.8
could benefit of the use of other experimental data if available. However this prelimi-
nary test is pretty good to extend the use of the mobility parameter to 0◦ < β < 90◦.

Figure 3.8 shows the dimensionless diagram θV versus Fr calculated with Eq. 3.13,
including the experimental data on the Honda Accor model for the 90◦ angle of flow
incidence. Therefore, the mobility parameter θV modified with the parameter α is able to
identify the instability threshold of incipient motion also for the new dataset (Xia et al.,
2013). In fact, the Honda Accor incipient motion points compare well with the existing
incipient motion threshold, since the regression curve is not significantly altered by their
presence. A few points, for supercritical conditions, appear under the threshold. This can
be due to the fact that lift effect might be negative for those conditions, thus contributing
to the car stability as demonstrated by laboratory experiments (Bonham & Hattersley,
1967). Eq. 3.14 allows calculating the orientation factor α of the mobility parameter. For
angles of flow orientation in the range 0◦ < β < 90◦, α is lower than one, with a minimum
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FIGURE 3.8: Mobility parameter accounting for the angle of flow incidence
(experiments with 90◦ angle represented with diamonds, Xia et al., 2013)
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TABLE 3.3: RMSE of the perturbed data over the original regression ob-
tained with different multipliers for the standard deviation of the noise

Multipliers U 1.0 0.7 0.5 0.3 0.2 0.1 0.01 0.001
H
1 2.14 1.82 1.65 1.52 1.48 1.45 1.44 1.44
0.7 1.99 1.64 1.44 1.30 1.25 1.22 1.21 1.21
0.5 1.89 1.51 1.30 1.13 1.07 1.03 1.02 1.02
0.2 1.79 1.38 1.14 0.94 0.87 0.82 0.81 0.81
0.3 1.74 1.31 1.05 0.83 0.75 0.70 0.68 0.68
0.1 1.69 1.24 0.96 0.72 0.62 0.55 0.53 0.53
0.01 1.67 1.21 0.92 0.66 0.55 0.55 0.53 0.53
0.001 1.69 1.24 0.96 0.72 0.62 0.55 0.53 0.53

corresponding to 65◦ (orientation which maximizes the area). For 65◦, is approximately
0.4, while α = 0.45 for 90◦. This means that for a given Froude number of the undisturbed
flow Fr = U/(g ·H)0.5 (i.e. for a given pair (H, U) of water depth and flow velocity) the
mobility parameter for any lateral orientation (0◦ < β < 90◦) is lower than the mobility
parameter for frontal and rear impact. In fact, it can be reduced up to 60%. Thus, lateral
flow orientations are more favourable for incipient motion, confirming the experimental
results (Xia et al., 2013).

3.1.4 Sensitivity analysis of θV to uncertainties in H and U

In order to avoid the introduction of a spurious correlation between the two dimension-
less parameters Fr and θV , the experimental data of water depth and velocity (i.e. 192
couples) are perturbed. The perturbations are obtained by summing to the original data
an artificial random gaussian noise with a standard deviation equal to the product of a
multiplier and the standard deviation of the original set of data. The multipliers used
are [1.0, 0.7, 0.5, 0.3, 0.2, 0.1, 0.01, 0.001] both for water depth and velocity. Froude num-
ber Fr and mobility parameter θV are calculated using the perturbed data, then the root
mean square error (RMSE) and the coefficient of determination (R2) are evaluated as
an average after 105 iterations, with respect to the original regression curve. The proce-
dure is applied to all the different car models and all the possible couples of multipliers
(i.e. 64 cases). The results are presented in Table 3.3 and Table 3.4 for RMSE and R2,
respectively. The RMSE and the determination coefficient R2 of the original set of ex-
perimental data are 0.53 and 0.89, respectively. The introduction of a random gaussian
noise with a standard deviation of one order of magnitude lower than the standard de-
viation of the original data doesn’t alter the RMSE and R2. The original regression still
explains the data with a 20% error. The results of this analysis allow to exclude a spuri-
ous correlation between the two dimensionless groups adopted to describe the incipient
motion conditions. If a significant spurious correlation was present, a large perturbation
over the experimental data would have shown a high determination coefficient similar
to the original one.

Figure 3.9, 3.10 show the effect of the addition of the Gaussian random noise to the ex-
perimental pairs (H,U ) on the mobility parameter. In both graphs, the multipliers for the
standard deviation of water depth H (multstdH ) and velocity U (multstdV ) are specified
on the top of the picture as well as theRMSE andR2 obtained from the regression on the
perturbed data. If the perturbation is small as in Figure 3.9, the law for the original unper-
turbed experimental data describes the data with the noise. If the perturbation is larger,
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TABLE 3.4: Determination coefficient R2 of the perturbed data over the
original regression obtained with different multipliers for the standard de-

viation of the noise

Multipliers U 1.0 0.7 0.5 0.3 0.2 0.1 0.01 0.001
H
1 -0.86 -0.34 -0.10 -0.07 0.12 0.15 0.16 0.16
0.7 -0.68 -0.14 0.12 0.29 0.35 0.38 0.39 0.39
0.5 -0.53 0.02 0.28 0.46 0.51 0.55 0.56 0.56
0.2 -0.35 0.2 0.46 0.63 0.68 0.72 0.73 0.73
0.3 -0.25 0.29 0.55 0.72 0.77 0.80 0.81 0.81
0.1 -0.17 0.37 0.62 0.79 0.85 0.88 0.89 0.89
0.01 -0.21 0.36 0.63 0.81 0.87 0.88 0.89 0.89
0.001 -0.08 0.41 0.65 0.81 0.85 0.88 0.89 0.89

although unrealistic, (Figure 3.10), the mobility parameter is not anymore correlated to
Froude number (i.e. the determination coefficient R2 is negative). The hypothesis on the
presence of a spurious correlation is thus rejected. In fact if a spurious correlation was
present a large perturbation on the pairs H,U would not have decreased the R2 between
Fr and θV .

3.2 Incipient motion of pedestrians standing in floodwaters

3.2.1 Mobility parameter of pedestrians

The two mechanisms by which the stability of people is lost in floodwaters are sliding
and toppling (see section 2.2). Therefore, the equilibrium conditions for both instability
mechanisms are separately analysed. Similarly to vehicles, incipient sliding on a hori-
zontal bed occurs when drag force D on the human body just exceeds the friction force
of the feet on the bottom (Eq. 3.15 ). The friction force is equal to the effective weight
(weight W minus buoyancy B and lift force Li) multiplied by the friction coefficient µ

D > (W −B − Li) · µ (3.15)

where both drag and lift forces are referred to the full area of a prism of height HP and
width l (see Figure 3.11)

D =
1

2
· ρ · U2 · CD ·HP · l (3.16)

W = ρP · g · (HP · d · l) (3.17)

B = ρ · g · (H · d · l) (3.18)

Li =
1

2
· ρ · U2 · Cl ·HP · l (3.19)

CD and CD are the drag and lift coefficient respectively and ρP is the density of human
body. Referring to Figure 3.11, the human body is modelled as a rectangular prism so
that the projected area normal to flow direction is equivalent to prism area HP · l (Figure
3.11, panel b). The streamwise length is assumed equal to d, which is the lever arm of the
effective weight (Figure 3.11, panel a). The lever arm of drag force is assumed equal to
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FIGURE 3.9: Effect of addition of a small random noise to the pairs (H, V)
on the mobility parameter.

FIGURE 3.10: Effect of addition of a large random noise to the pairs (H, V)
on the mobility parameter.
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FIGURE 3.11: Mobilising and resisting forces on a human body in flood-
water (a) lateral view, frontal view (b).

H/2. The use of the same reference area for drag and lift force, may appear physically not
meaningful for lift force, since its reference area should be the projection of an horizontal
surface normal to the vertical axis. However, the determination of the actual area where
the lift force acts is difficult since the projection of the human body on the horizontal
plane varies with the submergence. This justifies the use of a simplified reference area
for lift force as in the existing conceptual models (Milanesi et al., 2015). The average
density of the human body (ρP =1062 kg/m3) is generally assumed equal to the density
of water (a difference of 6% is usually considered negligible as in Lind et al., 2004 and
Milanesi et al. 2015) , thus ρP is substituted with ρ in Eq. 3.17. Substituting the Eqs. 3.16,
3.17, 3.18,3.19 in Eq. 3.15 the following equation is obtained

1

2
·ρ·U2·CD·HP ·l =

(
ρ · g · (HP · d · l)− ρ · g · (H · d · l)−

1

2
· ρ · U2 · Cl ·HP · l

)
·µ (3.20)

The variables l and ρ appear in the terms of the Equation, thus they can be simplified.
Separating the dynamic terms from the static terms Eq. 3.20 is simplified as

1

2
· U2 · CD ·HP +

(
1

2
· U2 · Cl ·HP

)
· µ = [(g ·HP · d)− (g ·H · d)] · µ (3.21)

Collecting U2 in the left term and d in the right term, then dividing both terms for 0.5 ·µ ·
H · g the equilibrium condition yields

U2

gH
·
(
Cl +

CD
µ

)
=

2d

HP
· H −HP

H
(3.22)

where

Fr2 =
U2

gH
(3.23)
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is the square of Froude number of the flow,

Cs =
CD
µ

+ Cl (3.24)

and where Cs includes the coefficients for drag CD, for lift Cl and for friction µ,

θP =
2d

HP
· Hp −H

H
(3.25)

is defined as the dimensionless mobility parameter for sliding instability of people stand-
ing in floodwaters. θP is composed by two factors: the shape factor 2d/HP and the rel-
ative dry surface of the body (HP − H)/H . θP depends on Froude number and on the
forces coefficient similarly to θV which was introduced for vehicles.

Toppling instability occurs when the moment induced by the drag force around a
pivot point (i.e. the toe as in Figure 3.11, panel a) just exceeds the moment from the
resultant vertical force (body weight W minus buoyancy B and minus lift force Li)

(W −B − Li) · d > D · H
2

(3.26)

Substituting the forces in Eq. 3.26 according to previous definitions, the following thresh-
old condition for incipient toppling is obtained[
(ρ · g · l ·HP · d)− (ρ · g · l ·H · d)− 1

2
ρ · U2Cl ·HP · l

]
· d =

(
1

2
· ρ · U2·CD ·HP · l

)
· H

2
(3.27)

ρ and l can be dropped on both side of Eq. 3.27 which after some manipulations and
simplifications yields:

U2

gH
·
(
H

2d
· CD + Cl

)
=

2d

HP
· HP −H

H
(3.28)

This represents a relationship between the square of Froude number together with di-
mensionless parameter Ct on the left hand side

Ct =

(
H

2d
· CD + Cl

)
(3.29)

which also accounts for the ratio H/2d (water depth to moment lever of resisting forces)
and on the right hand side a mobility parameter for toppling instability conditions for a
person in floodwaters θPt

θPt =
2d

HP
· HP −H

H
(3.30)

The mobility parameter θPt obtained for toppling is equal to the mobility parameter
θP introduced for sliding (Eq. 3.25). However, the difference is in coefficients Cs (Eq.
3.24) and Ct (Eq. 3.29). In fact, for toppling instability conditions, CD is multiplied by
H/2d in Eq. 3.29, which can be interpreted as a measure of the relevance of the moment
induced by the drag force for larger water depths H . For smaller water depths H , sliding
is more likely to occur than toppling. Therefore, although there are two different incipient
motion mechanisms, a unique parameter θP accounting for human body parameters and
flow characteristics is able to represent both mechanisms. It should be noticed that the
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FIGURE 3.12: Mobility parameter θP versus Froude number Fr for the ex-
periments from published selected studies.

mobility parameter for people could be also obtained from Eq. 3.10 considering a human
body as a ‘special’ vehicle model with elevation of the planform hc equal to zero, length
equal to d and density ρc equal to water density ρ.

3.2.2 Application of the mobility parameter to existing experimental data

The mobility parameter introduced in the previous section is calculated for four different
experimental datasets available in the literature (Foster & Cox, 1973; Karvonen et al.,
2000; Jonkman et al., 2008 and Xia et al., 2014). These datasets cover a wide range of flow
regimes and human body characteristics (i.e. different HP ) and include the experiments
made on a human scale model (Xia et al., 2014). Figure 3.12 shows the mobility parameter
θP versus the Froude number of the undisturbed flow calculated for the pairs (H,U )
from published selected studies (Foster & Cox, 1973; Karvonen et al., 2000; Jonkman
et al., 2008 and Xia et al., 2014). The threshold curve θP = f(Fr) of incipient motion
separating stable conditions (above the curve) from unstable conditions (below the curve)
is capable of describing the instability conditions of different bodies subject to water flow,
overcoming the scatter of the existing experimental data. However, the data from the
experiments with a human body model by Xia et al., (2014) appear above the curve, thus
in stable conditions. In fact also in the dimensional diagrams, the instability conditions
for human body models are more conservative (i.e. lower) than conditions tested on real
humans, because people react to face the loss of stability.
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FIGURE 3.13: Instability diagram “water depth H versus flow velocity U”
scaled to prototype for vehicles (Xia et al., 2011; Shu et al., 2011; Xia et al.,
2013) and people (Foster and Cox, 1973; Karvonen et al., 2000; Jonkman et

al., 2008; Xia et al. 2014).

3.3 Comparison between mobility parameters for vehicles and
people

As highlighted in section 2.2, the available datasets for the instability of vehicles and
people subject to flow in floodwaters are extremely scattered and show large variability
within the same dataset if represented dimensionally. In fact, such variability depends
on the characteristic of the geometry and density of the object in floodwater, which are
not accounted for in common graphs considering only water depth vs velocity. Figure
3.13 represents such a graph obtained from the experimental data scaled to prototype
according to Froude similarity for people and vehicles used to calculate the mobility pa-
rameters in sections 3.2.1 and 3.1.1. Experimental data about people instability (Foster
& Cox, 1973; Karvonen et al., 2000; Jonkman et al., 2008; Xia et al. 2014) are represented
with black stars. Experimental data about partly submerged cars (Shu et al., 2011; Xia
et al., 2013) are represented with black circles. It can be noticed that, for low velocities,
people can remain stable for water depth higher than cars. Moreover, for very low water
depths, vehicles can resist to higher velocities. In fact, a threshold for velocities equal to
3.0 m/s has been set as limiting velocity for adults and children in good training con-
ditions by Cox & Shand (2010). Plotting mobility parameters θP for persons and θV for
vehicles together in the same graph, Figure 3.14 is obtained. The dimensionless instabil-
ity diagram represented in Figure 3.14 describes both people and vehicles threshold of
instability. Since the mobility parameters θP and θV are dimensionless and account for
object characteristics (i.e. geometry and density), and together with the Froude number
Fr, also for the flood characteristics (i.e. water depth and velocity), they are capable of
identifying two instability threshold curves, which are critical for the onset of instability
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FIGURE 3.14: Dimensionless instability diagram as mobility parameter
versus Froude number for vehicles and people.

conditions
θV cr = Fr1.92 + 2.77 for vehicles (3.31)

θPcr = Fr1.02 + 1.71 for people (3.32)

Eq. 3.31 is the instability curve for vehicles θV cr represented with a black continuous
line in Figure 3.14. The RMSE and determination coefficient R2 for the regression are
equal to 0.73 and 0.83 respectively. Eq. 3.32 describes the instability curve for people
under water flow and is represented with a black dashed line in Figure 3.14. The RMSE
and determination coefficientR2 for the regression are equal to 0.19 and 0.96 respectively.
The pairs (H,U ), which fall in the area of the diagram above the curve are stable combina-
tions of water depth and velocity, while pairs (H,U ), which fall in the area of the diagram
below the curve are unstable. Since the two critical curves in Eqs. 3.31, 3.32 intersect each
other, some pairs (H,U ) can be stable for people and unstable for vehicles and vicev-
ersa. Referring to Figure 3.14, the intersection between the curves corresponds to Froude
number equal to about 0.6. At the left of the intersection point, the area between the
curves is safe for vehicles and dangerous for people. At the right of the intersection point
(i.e. supercritical flows), the area between the curves is safe for people and dangerous
for vehicles. Fr = 0.6 corresponds to a water depth of about 0.4 m in incipient motion
condition of vehicles, which is about the critical threshold for buoyancy instability .

3.4 Summary of key results and implications

In this chapter, the instability conditions for vehicles and people under water flow have
been analysed. The different forces acting on partly/fully immersed objects have been
explicited for the equilibrium conditions accounting for the mean flow properties. For the
vehicles, the sliding instability has been analysed. For people, both sliding and toppling
have been considered. In order to overcome the large scatter of existing experimental
data, two mobility parameters have been defined: θP for people and and θV for vehi-
cles. The mobility parameters are dimensionless and are dependent on Froude number
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of the undisturbed mean flow. They can provide a suitable tool to identify dimensionless
hazard criteria for vehicles and people in flood mapping to support risk managers. The
mobility parameter for vehicles θV is defined for sliding instability as the product of a
shape factor of the object, an angle of flow incidence factor and the relative immersed
weight (Eq. 3.13). Existing experimental data (i.e. pairs of water depth and velocity) (Xia
et al., 2011; Shu et al., 2011; Xia et al., 2013) have been used to calculate Froude number
Fr and θV . The relation θV = f(Fr) is capable of identifying a threshold of incipient mo-
tion for different vehicle models with different flow orientation, geometry, density and
scale. The hypothesis of the existence of a spurious correlation between mobility param-
eter and Froude number has been rejected after having tested the effect of the addition of
a random noise to the experimental pairs on the determination coefficient of the regres-
sion. The mobility parameter for people θP is defined as the product of a shape factor
of the object and the relative dry height of the subject (Eq. 3.25) for both sliding and
toppling instability mechanisms. Existing experimental data (i.e. pairs of water depth
and velocity) (Foster & Cox, 1973; Karvonen et al., 2000; Jonkman et al., 2008; Xia et al.
2014) have been used to calculate Froude number Fr and θP . The relation θP = f(Fr)
is capable of identifying a threshold of instability for different human characteristics (in-
cluding a scale human model), thus reducing the scatter of experimental datasets. The
two mobility parameters have been plotted together (Figure 3.14) to identify regions of
the diagram where the instability of people and vehicles behaves differently in floodwa-
ters. Two critical curves θPcr and θV cr have been defined (Eq. 3.31, 3.32), which separate
safe conditions (above the curves) from dangerous conditions (below the curve). Since
the two critical curves intersect for Froude number Fr = 0.6 some areas of the diagram
where people are stable while vehicles are unstable, and vice versa, have been identified.
Figure 3.15 summarizes the outline and results of this chapter. The most important result
of the first part of the research is the introduction of two new mobility dimensionless pa-
rameters for vehicles and pedestrians. The instability diagrams obtained using the new
mobility parameters as a function of the Froude number of the undisturbed mean flow
(which summarize flood depth H and flow velocity U ) are capable of describing the in-
stability conditions more accurately than the common instability diagrams based only on
flood depth H and flow velocity U . This is made possible through the introduction of
relevant characteristics related to the geometry and density of the considered object in
floodwater, thus substantially reducing the very large scatter generally observed in the
currentH−U diagrams. In the new dimensionless θ−Fr diagrams, however, the relative
contribution of the buoyancy, drag and lift forces on the instability people and vehicles
is still not clear. For this purpose, a 3D numerical model, in which a detailed car/human
geometry is simulated under different mean flow characteristics might be appropriate.
Moreover, a numerical model might also state the validity of Froude’s similitude for scal-
ing the hydrodynamic effects from scale to prototype objects.
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FIGURE 3.15: Graphical summary of chapter 3.
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Chapter 4

Numerical model set-up in
OpenFOAM

In the first part of the research, a review of the current knowledge about vehicles and
pedestrians instability has been carried out. Two dimensionless mobility parameters
have been introduced, which depend on Froude number and dimensionless force coeffi-
cients. No numerical models have yet been used to understand the conditions of instabil-
ity of vehicles or pedestrians subject to flow in floodwaters. In the last two decades, many
experiments have been carried out on human subjects in hydraulic flumes (e.g. Karvonen
et al., 2000; Jonkman et al., 2008; Xia et al., 2014). More recently, a few experiments on
the incipient motion conditions of scale vehicle models have been conducted (e.g. Xia et
al., 2011; Shu et al., 2011). Thus, although the hydrodynamic forces are accounted for in
some conceptual models, a numerical parameter study was never carried out. Therefore,
and in order to clarify the relative contribution of drag and lift forces exerted by water
on flooded cars and people, a numerical study is performed. The numerical modelling
of cars/people facing a flood flow may provide crucial help in better understanding the
conditions for incipient motion of objects partially submerged in flowing water and thus,
in evaluating and managing flood risk in urban areas. For this purpose, a 3-dimensional
numerical model is required in order to: i) describe the mean fluid motion around vehi-
cles/human body, which may induce their instability, ii) reproduce laboratory tests for
validation and extension of the available data at the laboratory scale to field scale, iii)
estimate the forces acting on the object, including drag (CD) and lift (CL) coefficients and
relating them to controlling parameters of the mean flow such as Froude and Reynolds
numbers. OpenFOAM is an adequate tool to perform 3D hydrodynamic simulations for
its meshing capabilities, available solvers and forces calculation libraries. Different com-
binations of water depth and flow velocity are simulated in the parameter study, repro-
ducing the existing physical flume experiments on partially submerged vehicles scaled
models and people. In this chapter, a brief overview of the OpenFOAM framework is
outlined first. Second, the governing equations used for the CFD modelling of an object
subject to water flow are summarized. Third, the model setup for the parameter study, in-
cluding mesh generation, solver and boundary conditions, is described. Fourth, a study
is performed on the sensitivity of the mesh resolution and the turbulence model on the
evaluation of hydrodynamic forces. This is required to achieve a good compromise be-
tween computational time and accuracy. The tests program of the parameter study is
then described and the assumptions and limitations of the study are discussed. Finally, a
summary of the chapter is provided.

4.1 The OpenFOAM framework

OpenFOAM was developed by OpenCFD Ltd. at ESI Group. Its advantage over other
numerical frameworks is that it consists in a free open source library of C++ classes for



54 Chapter 4. Numerical model set-up in OpenFOAM

FIGURE 4.1: OpenFoam Structure (OpenFOAM User Guide, 2013)

which the user can have complete access to improve/modify the current codes. More-
over, a large still growing web community is constantly updating and reporting issues
and solutions, which constitute a fundamental support for researchers. The OpenFOAM
applications fall into two categories: solvers, that are each designed to solve a specific
problem in continuum mechanics, and utilities, which are designed to perform tasks that
involve diverse types of data manipulations. OpenFOAM is supplied with pre- and post-
processing environments. The interface to the pre- and post-processing are themselves
OpenFOAM utilities, thereby ensuring consistent data handling across all environments.
The overall structure of OpenFOAM is shown in Figure 4.1. The OpenFOAM distribu-
tion contains numerous solvers and utilities covering a wide range of problems. For the
use of OpenFOAM in engineering applications problems, solvers for incompressible and
multiphase flows are available using the RANS equations coupled with a finite volume
discretization method (VOF). The CFD model construction consists of six main steps:

• the geometry (physical bounds) of the problem is defined

• the volume occupied by the fluid is divided into discrete cells

• the physical model is defined

• boundary and initial conditions are defined

• the equations are solved iteratively

• a postprocessor is used for the analysis and visualization of the results

For the mesh generation, OpenFOAM includes the blockMesh utility, which builds struc-
tured meshes. It also allows the generation of sub-meshes with different cell size by
considering the ratio cell size between adjacent sub-meshes. Moreover, very complex ge-
ometries can be handled by the supplied utility snappyHexMesh, which automatically
generates 3-dimensional meshes containing hexahedra (hex) from triangulated surface
geometries in Stereolithography (.stl) format (OpenFOAM, 2013). Several alternatives for
turbulence modelling are available and supplied by OpenFOAM: more than 15 models
of RAS type (Reynolds Average Simulation: e.g., k − ε, k − ω, SST); more than 18 models
of LES type (Large Eddy Simulation) and 2 DES type (Detached Eddy Simulation).



4.2. Governing equations of the CFD model 55

4.2 Governing equations of the CFD model

At the core of all unsteady flow routing computer simulations are the Navier-Stokes
equations for an incompressible fluid:

δvi
δxi

= 0 continuity equation (4.1)

δvi
δt

+
δvivj
δxj

= −1

ρ
· δp
δxi

+ ν · ∂2vi
∂xj∂xj

momentum conservation (4.2)

Where v is the vector (u, v, w) of the velocity components in the three directions x (i.e. x,
y, z in Cartesian coordinates), i, j indicate the i− th and j − th components, t is the time,
p is the pressure, ρ is the fluid density, ν is the kinematic viscosity. Reynolds Averaged
Navier Stokes equations (RANS) are obtained replacing the instantaneous velocity with
the sum of the mean Ui and the fluctuating part ui in Eqs. 4.1 and 4.2 respectively

δui
δxi

=
∂ (Ui + ui)

δxi
= 0 (4.3)
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ρ
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2(Ui + ui)

∂xj∂xj
(4.4)

Then the average Ui + ui is calculated for Eqs. 4.3 and 4.4 and since the average of the
fluctuating component is null ui = 0 the continuity equation reads

δUi
δxi

= 0 (4.5)

And the conservation of momentum becomes
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δt

+
δUiUj
δxj

= −1

ρ
· δP
δxi

+ ν · ∂2Ui
∂xj∂xj

−
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′
iu
′
j

δxj
(4.6)

Where an extra term (Reynolds stress tensor) is present, which represents an additional
transfer of momentum through fluctuating velocities. Such extra term originates the clo-
sure problem, which is addressed by the turbulence models (see section 2.3.2). Closure
refers to finding expressions for terms that arise in averaged and filtered versions of the
NS equations and for which there are no fundamental equations. In OpenFOAM the ef-
fects of the turbulence are included through the turbulent viscosity (OpenFOAM, 2013).
The discretisation method used in OpenFOAM is the finite volume method (FVM) which
is a common approach used in CFD codes for representing and evaluating partial dif-
ferential equations in the form of algebraic equations (Toro, 2009). In the finite volume
method, the governing partial differential equations (i.e. RANS equations, the mass and
energy conservation equations, and the turbulence equations) are recast in an integral
conservative form, and then solved over discrete control volumes. This discretisation
guarantees the conservation of fluxes through a particular control volume. In the finite
volume method, volume integrals in a partial differential equation that contain a diver-
gence term are converted to surface integrals, using the divergence theorem. These terms
are then evaluated as fluxes at the surfaces of each finite volume. Because the flux enter-
ing a given volume is identical to that leaving the adjacent volume, these methods are
conservative. Another advantage of the finite volume method is that it is easily formu-
lated to allow for unstructured meshes (Toro, 2009). Hydrodynamic forces (i.e. drag D
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FIGURE 4.2: File structure of OpenFOAM cases (OpenFOAM, 2013)

and lift Li) are calculated in OpenFOAM during the simulations through direct integra-
tion of the pressures over a specified surface. Forces coefficients CD and CL are obtained
as the ratio between the force and a reference undisturbed velocity Uref and area Aref

CD =
D

0.5 · ρArefU2
ref

(4.7)

CL =
Li

0.5 · ρArefU2
ref

(4.8)

4.3 Numerical model set up

4.3.1 Structure of a simulation in OpenFOAM

The structure of a case in OpenFOAM is built around three folders: 0 folder (time di-
rectory), constant folder and system folder (OpenFOAM, 2013). Each folder contains
the necessary files (called dictionaries) for setting the properties of the computational
domain and of the fluids (Figure 4.2). The 0 folder (i.e. time directory) contains individ-
ual files of data for particular fields. The data can be either initial values and boundary
conditions that the user must specify to define the problem or results written to file by
OpenFOAM. The name of each time directory is based on the simulated time at which
the data is written. The constant directory contains a full description of the case mesh in
a subdirectory called polyMesh and files specifying physical properties of the fluid for
the application concerned, such as the viscosity. The system directory allows setting pa-
rameters associated with the solution procedure itself. It contains at least the following
3 files: controlDict where run control parameters are set including start/end time, time
step and parameters for data output; fvSchemes where discretisation schemes used in
the solution may be selected at run-time; and, fvSolution where the equation solvers,
tolerances and other algorithm controls are set for the run.

4.3.2 Solver

Among the available solvers for incompressible flows, interFoam has been selected.
interFoam is a solver for two incompressible, isothermal, immiscible fluids which uses
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a VOF (volume of fluid) phase-fraction based interface capturing approach. It is suitable
to simulate partly submerged objects where part of the surface is wet by a mixture of
air and water (Desphande, 2012). interFoam uses the volume fraction α as an indicator
function (alpha in OpenFOAM code) to define which portion of the cell is occupied by
the fluid (Jasak, 1996)

α(x, y, z, t) =


1

0 < α < 1
0

foraplaceoccupiedbyfluid1
at interface between 1 & 2
foraplaceoccupiedbyfluid2

(4.9)

The transport of α is expressed by an advection function and the local fluid properties
are a weight mixture of the physical properties of both fluids (Jasak, 1996). interFoam
has been improved with a library called waves2Foam, which is a toolbox used to gener-
ate and absorb free surface water waves and currents (Jacobsen et al., 2011). The method
applies the relaxation zone technique (active sponge layers) which covers the method of
removing reflected or internally generated wave components adjacent to vertical bound-
aries. The explicit relaxation technique is performed before the momentum equation as
follows

U = (1− ω)Ut arg et + ωUcomputed (4.10)

α = (1− ω)αt arg et + ωαcomputed (4.11)

Where ω ∈ [0, 1] is a weighting function, Utarget and αtarget are the desired velocity and
water content in a cell at the boundary respectively while Ucomputed and αcomputed are
the velocity and water content in a cell as calculated by the momentum and continuity
equations. Since the relaxation zone can assume different arbitrary shapes, the choice of
the waveFoam solver will also affect the shape of the computational mesh (section 4.3.3).

4.3.3 Mesh generation

Three different meshes are generated to reproduce three different angles of flow incidence
for the simulations of a selected car model. The Ford Focus used for the experiments by
Shu et al. (2011) has been chosen because it is representative of a class of common small
passenger vehicles. The computational mesh describes a rectangular channel with a ve-
hicle inside it. As a starting point, the mesh with the longitudinal axis of the car parallel
to the y-axis is created, then the car geometry is rotated to generate the new meshes.
Five meshes are generated around a human body to account for the different geometric
characteristics of the experimental subjects (Karvonen et al., 2000; Jonkman et al., 2008;
Xia et al., 2014). Given the simple geometry of the channel and the complex geometry
of the car/human body both utilities blockMesh and SnappyHexMesh are used for the
discretization of the domain. The blockMesh tool is used to enter the geometry of the
channel and the SnappyHexMesh tool is used to build the refined mesh around the 3D
surface. The geometry of the channel is entered as a list of vertices of a box in the Interna-
tional System of Units after specifying a possible scaling factor. The pieces of information
needed for the mesh generation are included in the constant folder of the case directory
in the blockMeshDict text file. Since a reduction of possible reflection effects is needed
without generating cumbersome computational domains, the geometry of the channel is
set to be a cylinder (Figure 4.7) with maximum height of 1 m for the maximum water
depth to be modelled for the car (i.e. 0.5 m) and 1.5 for the human subjects. This is made
possible thanks to the waveFoam solver which supports a cylindrical shape of the relax-
ation zones (see section 4.3.4). The operations needed to create the channel mesh and
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FIGURE 4.3: Mesh generation procedure in OpenFOAM (exemplarily for a
car).

proceed with the refinement around the selected 3D surface are summarized in Figure
4.3, panel a and b, respectively. To define a cylindrical channel, 15 vertices are entered.
Then five blocks are defined as a list of their boundary vertices and the number of cells
in which dividing each direction of each block is set (e.g. grading). The list of the edges
specify how two vertices are linked. To generate a cylinder, the edges must be set to arcs
defining the two connecting vertices and the interpolation points. The boundary is bro-
ken into patches (regions), where each patch in the list has its name as a keyword selected
by the user. The name is used as an identifier for setting boundary conditions in the field
data files. The patch information is then contained in sub-dictionary with type and faces
(defined by four vertices). Three boundary patches are introduced in our configuration:
the atmosphere, the bottom of the channel and the bounding ring-shaped surface (named
inlet). When the blockMeshDict is completed (Figure 4.3, a) the command blockMesh is
run from the terminal window in the case directory and the channel computational mesh
is created. Once the channel is generated by running blockMesh the tridimensional sur-
face of the car/human body is added and the mesh is adjusted and refined through the
snappyHexMeshDict file located in the system folder in the case directory. The proce-
dure consists of three consecutive phases (Figure 4.3, b):

• Generation of the castellated mesh

• Snapping
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FIGURE 4.4: Triangulated surface .stl of the car Opel Astra used for the
mesh generation

TABLE 4.1: Characteristics of Honda Accor (prototype and scale 1:14)(Xia
et al., 2013)

Dimensions Ford Focus Opel Astra
Length (cm) 435 440
Width (cm) 182 181
Height (cm) 148 151
wheelbase (cm) 264 268

• Addition of layers

• Quality check

The first three operations can be switched on/off at the top of the dictionary. The tridi-
mensional surface in .stl format (e.g. a car in Figure 4.4, or a human body in Figure
4.5) included in the constant/tri-surface folder is specified in the dictionary and it is
used to specify the refinement for any mesh cell intersecting it or for any mesh cell
inside/outside/near and to ’snap’ the mesh boundary to the surface. The crucial con-
dition for the consistent use of the triangulated surface is that it must be closed, if not
snappyHexMesh does not remove the cells inside the surface and the object is not cap-
tured by the mesh generation procedure. To represent the geometry of the Ford Focus
model the triangulated geometry of an Opel Astra is used (Figure 4.4). The geometry
is provided by LaSIS laboratory at the University of Florence (http://www.lasis.unifi.it).
Although the car model is different, the lower part, which is accounted for in the sim-
ulation for partially submerged conditions (e.g. the chassis and the lower bodywork) is
considered as commutable for our purposes. In fact, the vehicle category, the shape and
the geometric dimensions are approximately the same (Table 4.1).

To check the quality of the triangulated .stl surface the programADMesh (http://www.
varlog.com/admesh-htm) can be used. ADMesh is a program for processing triangu-
lated solid meshes, it reports the number of the disconnected facets and allows the user
to remove unconnected parts and fill holes. Given the bad quality of our geometry and
the number of holes, the geometry is first processed with some mesh manipulation tools



60 Chapter 4. Numerical model set-up in OpenFOAM

FIGURE 4.5: Triangulated surface .stl of a human body used for the mesh
generation

available in OpenFOAM, then it is manually closed, fixing edge by edge through the
program Blender (http://www.blender.org/). The OpenFOAM tools used are:

• collapseEdges: collapse short edges and combines edges that are in line

• surfacePointMerge: merges points on surface if they are within absolute distance

• surfaceClean: Removes baffles - collapses small edges, removing triangles.

In the Blender environment the .stl file is imported and all the unconnected edges are
highlighted by the command select non-manifold edges and the vertices are connected
pressing F. Once the pre-processing of the .stl geometry is completed, the geometry is
exported from Blender and it is ready to be imported in the OpenFOAM dictionary. In the
first section of the dictionary, the settings for the castellated mesh are added and the type
of refinement is set around the car surface. The surface based refinement requires two
levels (minimum and maximum). The first is the minimum level, every cell intersecting
a surface gets refined up to the minimum level. The second level is the maximum level.
The region-wise refinement requires specifying levels for cells in relation to a surface
with three modes: distance, inside, outside. A point, which should never be on a face,
must be set inside the mesh to define the refinement area. The choice of the mesh size
is based on the results of a mesh sensitivity analysis (section 4.4.1). The second part of
the dictionary is about the snap settings. This part allows identifying particular or sharp
details, which should be kept realistic, and which could be smoothed by the generation of
the castellated mesh (e.g. the mirrors of the car). The third part of the dictionary is about
the layer addition that removes the cubic grid aspect and restores the natural curve shape
of the surface adding a layer of specified thickness.Some advanced setting may be added,
and finally the quality of the mesh is checked. For specific details of the mesh generation
procedure, we refer to the OpenFOAM User Guide (OpenFOAM, 2013). The software
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generates a new folder called polyMesh containing the information run with blockMesh
together with the new refinement done with SnappyHexMesh. To represent the human
body geometry, a free .stl file has been used (www.stlfinder.com) and scaled according to
the physical characteristics of the simulated subjects (Figure 4.5). The mesh generation
follows an identical procedure as for the car (Figure 4.3).

4.3.4 Relaxation zones, boundary and initial conditions

To initialize the flow field inside the computational domain the dictionarywaveProperties
is required by the waveFoam solver. The dictionary is located in the constant folder and
contains the current (or wave) characteristics and identifies the source of the field and
the relaxation zones with their geometry. In the waveProperties dictionary, the initial
water depth in the computational domain is specified, as well as the name of the relax-
ation zone, which corresponds to the boundary named in the blockMesh dictionary. The
relaxation zone is a bounding ring of assigned thickness of the cylinder created for the
computational mesh. The thickness of the relaxation zone was set equal to one meter.
For steady simulations, also the desired flow velocity is set up in the waveProperties
text file. To initialize the flow field inside the domain before the simulation the dictio-
nary setF ields located in the system folder is set for both phases (air and water). The
initial conditions of the case study represent the solution at the instant zero and are lo-
cated in the 0 folder. The initial conditions are set for velocity U , pressure prgh and phase
alpha1. For the velocity the initial condition at the inlet refers to the wave/current set in
the waveProperties file, at the water surface the atmospheric pressure is set and at the
bottom of the channel and around the investigated 3D surface, the non-slip condition is
set. All the pairs (i.e. critical water depth H and flow velocity U ) used as boundary con-
ditions for the numerical simulations of the car and human body are specified in section
4.5.

4.3.5 Control of the simulation and forces calculation

Before running the simulations, the details about the type of solver, the simulation time,
time steps, the details on the frequency for writing the output folders and the additional
libraries to be recalled are specified in the system/controlDict file. The time step is set to
be adjustable according to a specified maximum value of Courant number equal to 0.7.
The resulting observed order of magnitude of the time step is 10−4 s. Approximately 30
s are used as simulation time in order to guarantee a steady oscillation of the calculated
forces coefficient. A wall function available in the code (i.e. nutkWallFunction) is used to
model the flow velocity close to the bottom boundary. The additional library libforces.so
is included in the controlDict file in order to calculate the pressure and viscous forces for
each time step. For the forces calculation, the surface around which the pressure field is
integrated is specified as a patch (e.g. the surface of the car/human body). For the drag
and lift coefficients, the reference undisturbed flow velocity (magUInf ) and an area of
reference are set (Aref ) (see Eqs. 4.7 and 4.8 ). The reference flow velocity is set equal to
undisturbed flow velocity. The reference area for the drag coefficient is the total normal
area of the partly immersed object projected normally to the flow. The reference area
for the lift force is the planform area of the car. The drag and lift coefficients of every
simulation are calculated as the time average of the instantaneous coefficients computed
during the simulation once they reach a steady oscillation (see also Figure 4.6). Forces
and forces coefficients are calculated and saved in a text file inside the PostProcessing
folder in the case directory during the simulations.
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TABLE 4.2: Total number of cells and execution time for 1 s of simulation
for the three analysed meshes (one core)

Mesh size (m) 0.03 0.015 0.0075
Computational cells (n◦) 1.5 · 106 5 · 105 2.8 · 106

Simulation time for 1 s (s) 4.8 · 103 4.8 · 104 2.3 · 105

TABLE 4.3: Percent variation of the estimated force coefficients for the three
analyzed meshes

Mesh size (m) 0.03 0.015 0.0075
CD 0.3766 −0.2% +2.6%
CL 0.4548 −6.2% −2.1%

4.4 Sensitivity analysis to the applied mesh size and turbulence
model

4.4.1 Sensitivity of the results to the mesh size

In order to choose an appropriate size of the mesh for the numerical simulations, the sen-
sitivity of the evaluated forces coefficients with respect to the size of the cells is examined.
Three cell sizes around the car surface are considered. The aim of the mesh sensitivity
analysis is to choose a spatial discretization, which

• (i) is capable of describing the detailed 3D surface of the car,

• (ii) ensures an evaluation of the hydrodynamic forces with an accuracy comparable
to the accuracy of the experimental data,

• (iii) allows running simulations with a reasonable computational time according to
the available resources.

The mesh sensitivity analysis is performed with the default settings (laminar flow) of the
code (see section 4.4.2) for one of the numerical simulations on the Ford Focus (water
depth 0.46 m and velocity 2.1 m/s). Three different mesh sizes around the car surface
are tested: 0.03 m, 0.015 m, 0.0075 m. The differences in the estimated drag and lift
average coefficients are of the order of a few percent (Table 4.3) and smaller than the
standard deviation of the instantaneous values computed during the simulation (Figure
4.6). Thus, the 0.03 m mesh is preferred for the associated shorter computational time
(Table 4.2). The total number of cells is around 5 · 105 (Figure 4.7). The snappyHexMesh
tool allows to refine the mesh close to the car surface (cell size is set to 0.03 m) while
in the whole mesh domain the maximum size is 0.25 m. The refinement close to the
vehicle boundary can be observed in Figure 4.7 where the 3-dimensional view of the
mesh (panel a), a longitudinal cross section (panel b) and a detail of the refinement close
to the surface (panel c) are shown. The time step is automatically adjusted during the
simulation according to the maximum Courant number set to 0.7. The time step was
around 10−3−10−4 s to ensure stability. With a time step of 2 ·10−4 s and with 5 ·105 cells,
one second of simulation takes approximately 70 minutes without running in parallel
(i.e. one core).

Similarly, for the computational mesh of the simulations around a human body, the
number of cells is kept around 4.5 · 105 in order to preserve the details of the human
geometry and ensure a reasonable computational time. In Figure 4.8, a cross section of the
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FIGURE 4.6: Instantaneous values of drag coefficient CD for the three anal-
ysed meshes

FIGURE 4.7: Computational mesh for the simulation of a car: 3D view of
the whole mesh (a), longitudinal cross section (b) and detail of the mesh

around the car surface (c).
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FIGURE 4.8: Computational mesh for the simulation of a human body:
cross section (a) and detail of the legs (b) nd of the feet (c)

whole mesh orthogonal to the x axis is depicted (panel a) and a detail of the refinement
close to the legs and the feet is shown in panel b and c. The cell size close to the body is
set to 0.015 m and the maximum cell size is 0.25 m.

4.4.2 Sensitivity of the results to the turbulence model

The main aim of the numerical simulations carried out in this part of the research is to
understand how different mean flow regimes (from which the data are available from
previous experiments) affect the contribution of drag and lift components in the over-
all balance of forces on a flooded object, which may cause its incipient motion. Thus,
the focus is to assess the physical dependencies among the involved parameters (e.g.
force coefficients, Reynolds number, Froude number) for the mean flow. Given that the
study is focused on the estimation of integral quantities such as forces considering the
mean flow, rather than on the detailed description of the flow properties in terms of lo-
cal distributions, simulations were performed using the default settings (i.e. laminar) of
the numerical code, avoiding the calibration of the turbulence model coefficients (Open-
FOAM, 2013). Different turbulence (closure) models are adopted in the literature for the
study of air flows past bluff bodies (e.g. Eriksson, 2007; Mansoorzadeh et al., 2014; Pa-
padakis et al., 2014) and for simulating free-surface flows around structures (e.g. Losada
et al., 2005; Prasad et al., 2015) or flood waves (e.g. Ozmen-Cagatay et al., 2014). More-
over, the lack of detailed experimental data does not allow an ad hoc calibration of the
coefficients. In any case, some short preliminary tests have shown the substantial inde-
pendence of the results on the particular choice of the closure model, in terms of selected
(local) testing flow velocity profiles and even better in terms of force coefficients (Arrighi
et al., 2015). The sensitivity analysis is carried out using the mesh size selected in sec-
tion 4.4.1, i.e. 0.03 m around the car surface. The results in terms of estimated average
forces coefficients obtained by default (laminar), k − ε and k − ω closure models for both
subcritical and supercritical flows are compared. The results of these tests (Table 4.4)
show a negligible variation of force coefficients for the different closure models in sub-
critical flow conditions. Moreover, Table 4.4 shows a maximum variation of the order of
10% for supercritical flow conditions, which is comparable with the standard deviation
of the instantaneous force coefficients and negligible with respect to the overall variation
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TABLE 4.4: Percent variation of the force coefficient with the three tested
turbulence model for subcritical (Fr < 1) and supercritical (Fr > 1) flow

conditions.

Fr<1 Fr>1
Turbulence model Default (laminar) k − ε k − ω Default (laminar) k − ε k − ω
CD 0.3766 +5.8% −0.9% 0.0871 −8.1% −9.2%
CL 0.4548 +3.2% −1.4% 0.4548 −10.2% −7.3%

of the coefficients values on the analyzed range of Froude numbers (see Chapter 5). Fur-
thermore, the over/under-estimation of drag and lift coefficients is very similar, thus the
ratio between the coefficients bears a difference of the order of 1− 2%.

4.5 Test programme for the parameter study

4.5.1 Test programme for the Ford Focus

The simulations of the flow around the Ford Focus model consider two different scales
(i.e. 1:1 and 1:18) and four angles of flow incidence (0◦, 180◦, 90◦, 65◦). The numerical
simulations on the scale 1:18 are the close reproduction of the experiments by Shu et
al. (2011). The simulations on the Ford Focus prototype scale are scaled using a Froude
similarity, thus they reproduce the experimental pairs of water depth and velocity for a
car at full scale. The four angles of flow incidence considered are defined as follows (see
Figure 3.6):

• 0◦: the flow affects the frontal part of the vehicle

• 180◦: the flow affects the rear part of the vehicle

• 90◦: the flow affects the lateral side of the car

• 65◦: the flow affects both front and lateral side of the car (maximized affected area)

Shu et al. (2011) have tested the frontal and rear impacts (i.e. 0◦ and 180◦) in the labo-
ratory flume (Tables 4.5, 4.6). These experimental conditions, i.e. pairs of water depth H
and flow velocity U, have been determined during laboratory tests as incipient motion
conditions for sliding. The simulations with an angle of flow incidence of 90◦ and 65◦

have not yet been studied experimentally. The objective of these simulations is to investi-
gate at prototype scale the effect of different angles of flow incidence with a selection the
same pairs (U, H) in table 4.5 (Table 4.7). A total of 26 simulations are carried out for 0◦ at
scales 1:1 and 1:18 (Table 4.5), 10 simulations for 180◦ at scale 1:1 (Table 4.6), and 22 sim-
ulations for both 90◦ and 65◦ at scale 1:1 (Table 4.7). Thus, the total number of numerical
simulations for the car is 58.

4.5.2 Test programme for human subjects

Three experimental datasets on the instability of people are considered (Karvonen et al.,
2000; Jonkman et al., 2008; Xia et al., 2014) because they cover a wide range of flow
regimes (i.e. Froude numbers) and include different physical characteristics and a human
body model (scaling up to prototype). All simulations account for a frontal impact of the
water flow on the human body. The experimental pairs (H,U ) recognized as critical in
the laboratory tests and used for the numerical simulations are summarized in Tables
4.8-4.13 for the different datasets. The total number of numerical simulations is 33.
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TABLE 4.5: Simulated pairs of water depth H and flow velocity U for pro-
totype and scale 1:18 model for the frontal impact (0◦)

H 1:1 (m) U 1:1 (m/s) H 1:18 (m) U 1:18 (m/s)
0.171 5.855 0.010 1.380
0.198 5.940 0.011 1.400
0.209 6.020 0.012 1.419
0.234 5.091 0.013 1.200
0.299 4.794 0.017 1.130
0.306 4.073 0.017 0.900
0.326 3.810 0.018 0.898
0.360 3.309 0.020 0.780
0.378 2.927 0.021 0.690
0.408 2.715 0.023 0.640
0.459 2.078 0.026 0.490
0.477 1.442 0.027 0.340
0.529 0.806 0.029 0.190

TABLE 4.6: Simulated pairs of water depth H and flow velocity U for pro-
totype and scale 1:18 model for the rear impact (0◦)

H 1:1 (m) U 1:1 (m/s)
0.162 6.020
0.180 5.855
0.225 5.091
0.243 5.855
0.306 3.309
0.360 2.758
0.459 1.697
0.491 0.849
0.522 0.976
0.540 0.424

TABLE 4.7: Simulated pairs of water depth H and flow velocity U for angle
of flow incidence 90◦ and 65◦

H 1:1 β = 90◦ (m) U 1:1 β = 90◦ (m/s) H 1:1 β = 65◦ (m) U 1:1 β = 65◦ (m/s)
0.17 5.85 0.17 5.85
0.20 5.94 0.20 5.94
0.23 5.09 0.23 5.09
0.28 4.79 0.28 4.79
0.31 3.81 0.31 3.81
0.31 4.07 0.31 4.07
0.36 3.30 0.36 3.30
0.39 2.71 0.39 2.71
0.44 2.08 0.44 2.08
0.48 1.44 0.48 1.44
0.51 0.81 0.51 0.81
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TABLE 4.8: Simulated pairs of water depth and flow velocity for Subject 2
tested by Karvonen et al. (2000)

Subject 2 (Karvonen et al., 2000)
Water depth H (m) Velocity U (m/s) Froude number Fr (-)

0.40 2.60 1.31
0.50 2.40 1.08
0.60 2.00 0.82
0.80 1.55 0.55
0.90 1.40 0.47
1.00 1.20 0.38
1.05 1.00 0.31

TABLE 4.9: Simulated pairs of water depth and flow velocity for Subject 4
tested by Karvonen et al. (2000)

Subject 4 (Karvonen et al., 2000)
Water depth H (m) Velocity U (m/s) Froude number Fr (-)

0.6 1.4 0.58
0.8 1.1 0.39
1 0.75 0.24
1 0.8 0.26

TABLE 4.10: Simulated pairs of water depth and flow velocity for Subject
5 tested by Karvonen et al. (2000)

Subject 5 (Karvonen et al., 2000)
Water depth H (m) Velocity U (m/s) Froude number Fr (-)

0.40 2.50 1.26
0.60 1.90 0.78
0.80 1.40 0.50
1.07 1.00 0.31

TABLE 4.11: Simulated pairs of water depth and flow velocity for the stunt-
man tested by Jonkman and Penning-Rowsell et al. (2008)

Stuntman (Jonkman et al., 2008)
Water depth H (m) Velocity U (m/s) Froude number Fr (-)

0.26 3.00 1.88
0.26 3.10 1.94
0.33 2.60 1.45
0.35 2.40 1.30
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TABLE 4.12: . Simulated pairs of water depth and velocity (scaled to pro-
totype) for the human model tested by Xia et al. (2014) classified as sliding

instability

Sliding instability (Xia et al., 2014)
Water depth H (m) Velocity U (m/s) Froude number Fr (-)

0.21 3.03 2.11
0.20 2.93 2.09
0.18 3.35 2.51
0.18 3.30 2.50
0.18 3.60 2.71
0.17 3.70 2.91
0.16 3.80 3.03
0.16 3.90 3.11

TABLE 4.13: Simulated pairs of water depth and velocity (scaled to proto-
type) for the human model tested by Xia et al. (2014) classified as toppling

instability

Toppling instability (Xia et al., 2014)
Water depth H (m) Velocity U (m/s) Froude number Fr (-)

0.64 0.85 0.34
0.57 1.15 0.49
0.48 1.27 0.59
0.42 1.21 0.60
0.32 2.05 1.16
0.22 2.40 1.63
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4.6 Applicability and limitations of the CFD simulations

Different factors may affect the accuracy and validity of the results of numerical simula-
tions, including for instance:

• Simplifications/assumptions required to reduce the complexity of the model (i.e.
complex governing equations).

• Specification of inappropriate initial and boundary conditions

• Selection of an inappropriate turbulence model.

• Mesh resolution, possibly resulting in inaccuracies of the results if the mesh is too
coarse, and in too high computational time if the mesh is too fine.

Therefore, the limitations of the applied numerical model are briefly described in this sec-
tion. The major simplification in the numerical simulations of the instability conditions of
vehicles and people under water flow is the rigid body assumption. More specifically, the
hydrodynamic forces on the car model simulated are calculated by assuming the entire
car model as fully rigid. However, the vertical displacement of the vehicle planform, due
to the presence of the suspensions may affect the level of submergence and consequently
the value of the hydrodynamic forces. When a car is immersed in flowing water, we ex-
pect that an equilibrium exists between the force exerted by the suspensions and the lift
force, thus resulting in an equilibrium elevation of the chassis, which is different from the
equilibrium elevation in non-submerged conditions. Since this assumption may intro-
duce inadmissible errors in the numerical results, the effect of the suspensions is analysed
in Chapter 5. For people instability conditions, the rigid body assumption is even more
crucial than for vehicles. In fact, a person standing in flowing water may adjust its posi-
tion in order to resist to the destabilizing effect of the flow. These limitations for vehicles
and pedestrians could be overcome by using a fully-coupled CFD-CSD numerical model,
which, for its complexity, would constitute a topic on its own for a next PhD research. In
the experiments carried out on real people instability, the human subjects were allowed
to behave naturally in order to oppose themselves to the loss of stability. In contrast, the
numerical simulations of people in flowing water only account for the hydrodynamic
forces on fully rigid and fixed human bodies, ignoring any adjustment to improve their
stability. A further limitation is due to the absence of clothing of the numerical human
body model, which consists of a naked body. The presence of clothing is recognised as
extremely important (e.g. Abt et al., 1989; Karvonen et al., 2000; Xia et al., 2014), because
it can significantly affect the drag and lift coefficients. Only one type of body structure
for humans (i.e. thin and tall) is considered, although scaled according to heights of the
subjects tested in experimentally in previous studies. The quality of the mesh in terms of
cell size adopted in this numerical study might be considered as too coarse for other pur-
poses associated with a very detailed description of the flow field. However, as specified
in the section about the sensitivity analysis (section 4.4.1), the numerical simulations are
rather intended to identifying and understanding the mechanisms underlying the incip-
ient motion of vehicles and pedestrians in flowing water referring to mean flow field as
well as the relevant influencing parameters. As shown in tables 4.3, the mesh sensitivity
analysis shows very small differences in terms of estimated force coefficients, which are
negligible if compared with the range of forces analysed (Chapter 5). The boundary con-
ditions set in the numerical simulations are taken from the corresponding experimental
studies, which may have intrinsic uncertainties and errors. It must be also noticed that
the onset of motion is instantaneous, while a force coefficient is obtained as an average
over the simulated time. In section 3.1.4, it was shown that an error of about 10% on
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the water depth H and velocity U pairs inducing vehicle incipient motion does not sig-
nificantly alter the correlation between mobility parameter θV and Froude number Fr.
Furthermore, as shown in section 4.4.2, the effect of applying different turbulence mod-
els may cause a maximum variation up to 10% in the calculated drag and lift coefficients.
The above described assumptions and limitations of the numerical model might indeed
seriously affect the reliability of the numerical results. Therefore, the implications of the
main assumptions will be critically analysed and discussed in Chapter 5.

4.7 Summary of the chapter

This chapter describes the setup of the numerical model used to simulate the mean flow
conditions for the onset of the instability of vehicles and pedestrians as observed in phys-
ical experiments. The aim of the numerical simulations is to clarify the conditions under
which incipient motion of parked vehicles and those of people in flowing floodwater may
occur. The results are expected to substantially improve the understanding the mecha-
nisms and most relevant parameters underlying this incipient motion. An overview of
the contents of this chapter is shown in Figure 4.9. The description of the model setup is
addressed in different sections describing the numerical solver, the mesh generation, the
turbulence model, the boundary and initial conditions and the sensitivity analysis. The
numerical solver adopted to simulate a steady flow around partly submerged people
and vehicles is waveFoam. The latter solves two incompressible and immiscible fluids
(i.e. water and air) using a parameter α, which describes the relative content of the flu-
ids within a computational cell. The main advantage of the solver is that it uses special
absorbing boundary conditions, which allows to substantially reduce the computational
domain (i.e. number of cells). The procedure of the mesh generation consists of two
main steps described in section 4.3.3. First, the bounding channel is generated using the
blockMesh tool, then the mesh is refined around a 3D object, whose geometry is repre-
sented with a .stl triangulated surface, using the snappyHexMesh tool. The sensitivity
analysis is carried out to understand the effect of the selected mesh size and turbulence
model on the calculated hydrodynamic forces (sections 4.4.1 and 4.4.2 respectively). The
results allow one to achieve a good compromise between accuracy and computational
time.

The boundary and initial conditions and the control settings of the simulations, such
as the time step are finally described. The programme of the numerical tests for vehi-
cles and people is provided in Tables 4.5- 4.13. For the tests with vehicles, a Ford Focus
is selected by considering two scales (1:1 and 1:18) and four angles of flow incidence
(0◦, 180◦, 90◦, 65◦). The experimental data carried out by Shu et al. (2011) are reproduced.
The simulations about pedestrians instability take into account three different datasets
(Karvonen et al., 2000; Jonkman et al., 2008; Xia et al., 2014) for which the human geom-
etry is scaled according to the physical characteristics of the human subjects and model.
Finally, the applicability and limitations of the model are discussed, highlighting the im-
plications of the main assumptions.
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FIGURE 4.9: Graphical summary of the chapter
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Chapter 5

Numerical results and data analysis

First, the conditions of incipient motion of a partly submerged Ford Focus car determined
in previous laboratory experiments are analysed based on the hydrodynamic forces ob-
tained from numerical simulations performed in this study (section 5.1). Second, the
instability mechanism of pedestrians under water flow are analysed based on the numer-
ical reproduction of laboratory experiments on different human subjects (section 5.2). In
both cases, the focus of the analysis is put on the mean flow properties for which the
data are available from previous studies and on the relationship between the dimension-
less parameters governing the incipient motion and on possible scale effects, which are
however not expected for the analysed range of Reynolds number.

5.1 Numerical results of the simulations of the Ford Focus car

5.1.1 Flow around the Ford Focus

After the simulations, it is possible to check qualitatively the results through the Paraview
utility. ParaView is an open-source, multi-platform data analysis and visualization ap-
plication embedded in OpenFOAM (www.paraview.org). The most intuitive control is
conducted by visualizing the flow around the vehicle in the simulated flow conditions in
terms of both water depth and flow velocity. Qualitatively, the presence of the car par-
tially immersed in the water flow generates waves similar to those induced by a sailing
ship. For supercritical conditions, the flow is undisturbed upstream. The water depth
increases immediately before reaching the impacted side of the car and the velocity de-
creases close to and behind the tyres. Figure 5.1 shows the streamlines in the top-left
panel, which highlights the complex interaction between the flow and the tyres. The
bottom-left panel represents the pressures around the surface of the car. Particularly in
the case where the impacted side is the front part of the vehicle, the highest pressures are
located in the engine area. In the right panel of Figure 5.1, it is possible to see the waves
generated by the obstacle and the decrease of the velocity behind the tyres. For subcritical
flow conditions, the increase of the water depth in the impact zone is less marked. The
flow velocity behind the tyres is still very low but in this case, the flow is also perturbed
in the upstream area (Figure 5.2). Figure 5.3 shows the streamlines of the velocity field
generated for 0.5 m water depth and 0.8 m/s velocity. The streamlines close to the tyres
are particularly interesting where we see the vorticity due to the presence of the obsta-
cle. As shown in Figure 5.1, the pressure on the surface of the vehicles is not uniformly
distributed. This is due to the perturbation of the flow field by the car (Figure 5.3). This
perturbation depends on the Froude number of the incident flow, thus the pressure field
is expected to change according to Froude number. Figure 5.4 shows a 3D view of the
pressure distribution on the car surface for sub-critical flow (top panel) and super-critical
flow (bottom panel). The same colour scale is used for the two panels and the car geome-
try is represented as a semi-transparent surface in order to better visualize the pressures
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FIGURE 5.1: Streamlines, flow velocity and pressures around the car for
super-critical flow conditions with 0.4 m water depth and 2.7 m/s velocity

(angle of flow incidence β = 0◦).

FIGURE 5.2: Flow around the Ford Focus for sub-critical flow conditions,
0.5 m water depth and 0.8 m/s velocity (angle of flow incidence β = 0◦).
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FIGURE 5.3: Streamlines for 0.5 m water depth and 0.8 m/s velocity, angle
of flow incidence β = 0◦).

on the planform. The angle of flow incidence is 0◦, i.e. the impact, is frontal, so the flow
goes from left to right in the figure. For sub-critical flow conditions, the pressure distribu-
tion on the car planform is uniform, in fact, in the top panel the planform is represented
with a uniform light blue colour. In super-critical flow conditions, the highest pressures
represented with green to red shades are located in the impacted side of the car, which is
the lower frontal area of the vehicle.

5.1.2 Forces and force coefficients for scale and prototype Ford Focus for an-
gles of flow incidence β = 0◦ and β = 180◦

The hydrodynamic forces on the vehicle are computed at each time step by integrating
the dynamic pressures on the vehicle surface. According to the settings in the controlDict
file (section 4.3.5) the drag coefficient CD and lift coefficient CL are also calculated. The
reference area for the calculation of drag coefficient (Eq. 4.7) is the total frontal area of
the Ford Focus. It is set to be equal to ADn = 2.21m2 and ADm = 0.0068m2 for pro-
totype and scale 1:18 respectively, after a graphical evaluation. The reference area for
the calculation of lift coefficient (Eq. 4.8) is the planform area of the Ford Focus. It is
set to be equal to ALn = 7.81m2 and ALm = 0.0241m2 for prototype and scale 1:18, re-
spectively. For each simulation, the forces and the coefficients can oscillate according to
the modification of the water surface and flow field during the simulation (e.g. waves),
thus the time average is calculated for both drag and lift coefficients in order to have a
representation of the mean flow effect. The drag and lift coefficients are plotted against
Froude number and Reynolds number. Figure 5.5 shows the variation of the drag coef-
ficient with Froude number for the numerical simulation of the Ford Focus scale model
1:18 and its prototype, for angles of flow incidence β = 0◦ and β = 180◦. Drag coefficient
CD varies from 0.1 up to 0.8 and decreases exponentially with the Froude number Fr. No
substantial difference is found between the drag coefficients obtained for the two angles
of flow incidence, i.e. for the impact on the front and on the rear part of the car (as in
Shu et al., 2011). This is due to a quasi-simmetry of the car with respect to the axis per-
pendicular to the longitudinal one, in fact, the reference areas ADn, ADm for the angles
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FIGURE 5.4: Pressure distribution on the Ford Focus surface for sub-critical
(top) and super-critical (bottom) flow conditions (angle of flow incidence

β = 0◦).
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FIGURE 5.5: Drag coefficient versus Froude number for incipient motion
conditions of a Ford Focus in scale 1:18 and prototype subject to incoming

flow with angles of incidence β = 0◦ and β = 180◦.

of flow incidence β = 0◦ and β = 180◦ are the same. Moreover, despite the different
Reynolds number (in the order of 106 for scale 1:18 simulations and 108 for prototype
simulations), prototype and scale 1:18 car models have the same drag coefficients for the
same Froude-scaled flow conditions. Thus, as expected, scale effects are negligibly small
in terms of drag coefficient since both prototype and scaled pairs of water depth and ve-
locity lie in a fully turbulent flow as shown by the very high Reynolds number (Hoerner,
1965). This confirms the substantial validity of Froude similarity for scaling drag force
from scale models to prototype vehicles in fully turbulent conditions (Shu et al., 2011).
Figure 5.6 shows the variation of the lift coefficient CL with Froude number for the nu-
merical simulation of the Ford Focus scale model 1:18 and its prototype for the angles of
flow incidence equal to β = 0◦ and β = 180◦. Lift coefficient CL varies from 0.009 (wa-
ter depth lower than the chassis) up to 12 and decreases exponentially with the Froude
number Fr. The logarithmic scale of the vertical axis in Figure 5.6 allows identifying two
distinct zones separated at Fr = 1 (critical flow): the decrease of CL with decreasing Fr
is much more pronounced in the subcritical flow zone (Fr < 1) than in super-critical flow
zone (Fr > 1). No substantial difference is found between the lift coefficients obtained
by a flow impacting on the front (β = 0◦) and the rear part of the car (β = 180◦). More-
over, despite the different Reynolds number, prototype and scale 1:18 car models have
the same lift coefficients for the same (Froude-scaled) flow conditions. This again con-
firms the validity of a Froude similarity. Drag coefficients cover one order of magnitude
(10−1 − 100) for the simulated conditions (Fr = 0.2 − 4.5), while lift coefficients cover
four orders of magnitude (10−2−102). Moreover, while the relationship between CD and
Fr remains the same for both sub-critical and super-critical flow regimes (Fig. 5.5), the
relationship between CL and Fr greatly differs in the two flow regimes (Fig. 5.6). The
two different slopes of the regression curves in Fig. 5.6 for CL reflect the different pres-
sure distribution shown in Figure 5.4 for the two different flow regimes. In fact, since
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FIGURE 5.6: Lift coefficient versus Froude number for incipient motion
conditions of a Ford Focus in scale 1:18 and prototype subject to incoming

flow with angles of incidence β = 0◦ and β = 180◦.

for sub-critical flow the car-induced pressure affects a larger portion of the planform, the
global dependency of the lift coefficient, which accounts for the vertical forces acting on
the Ford Focus, is more relevant for sub-critical conditions. As Froude number decreases
(i.e. water depth increases), lift coefficient increases faster for subcritical flow conditions
than for supercritical flows. This behaviour is interpreted as a direct consequence of the
different pressure distribution on the vehicle chassis shown in Figure 5.4. Figure 5.7 con-
firms a change in the physical mechanism leading to the onset of motion due to the flow
regime. In the figure, Froude number decreases from left to right and the dashed red
line indicates the critical flow condition. Both drag and lift coefficients (Figures 5.5, 5.6)
increase with decreasing Froude number, thus they increase with increasing water depth
and decreasing velocity. Since Froude number Fr = U/(

√
gH) is inverse proportional to

the square root of the water depthH and proportional to the velocity U , this behaviour is
not obvious. The fact that both force coefficients increase with decreasing Froude number
can be explained if considering the relative submergence. In fact, the reference area for
calculating the force coefficients is constant for all the simulations, but when the velocity
increases the water depth decreases. As a consequence, in partly submerged conditions,
the area affected by the flow (and by the drag force) for higher Froude numbers decreases,
with a limited pushing efficiency.

The change in the motion mechanism due to the flow regime can be explained looking
at the hydrodynamic forces in dimensional terms. Figure 5.8 shows the drag and lift
force against Froude number for prototype (top panel) and scale 1:18 Ford Focus (bottom
panel). Lift force decreases exponentially with increasing Froude number, while drag
force first increases then decreases with increasing Froude number and has a maximum
around Fr = 3. Forces are scaled according to Froude similarity, thus leading to 183

times larger forces in prototype than those at scale 1:18. Since the incipient motion for
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FIGURE 5.7: Drag coefficient against lift coefficient for scale 1:18 and pro-
totype (β = 0◦ and β = 180◦).

TABLE 5.1: Drag and lift coefficients for Ford Focus at prototype scale (1:1)
and at scale 1:18 for angle of flow incidence β = 0◦

Water depth Velocity Drag coeff. Lift coeff. Water depth Velocity Drag coeff. Lift coeff.
H 1:1(m) U 1:1 (m/s) CD (-) CL (-) H 1:18(m) U 1:18 (m/s) CD (-) CL (-)

0.171 5.855 0.067 0.026 0.010 1.380 0.006 0.002
0.198 5.940 0.087 0.047 0.011 1.400 0.073 0.033
0.209 6.020 0.074 0.035 0.012 1.419 0.075 0.034
0.234 5.091 0.098 0.059 0.013 1.200 0.086 0.045
0.299 4.794 0.142 0.056 0.017 1.130 0.122 0.060
0.306 4.073 0.152 0.078 0.017 0.900 0.235 0.123
0.326 3.810 0.171 0.065 0.018 0.898 0.151 0.068
0.360 3.309 0.212 0.144 0.020 0.780 0.208 0.156
0.378 2.927 0.238 0.176 0.021 0.690 0.240 0.205
0.408 2.715 0.302 0.228 0.023 0.640 0.266 0.244
0.459 2.078 0.377 0.455 0.026 0.490 0.322 0.375
0.477 1.442 0.401 1.506 0.027 0.340 0.380 1.436
0.529 0.806 0.538 6.058 0.029 0.190 0.386 5.464

sliding occurs when the drag force equals the friction force (see chapter 3), the lift force
is multiplied by the friction coefficient µ, which is about 0.2-0.4 according to Bonham
and Hatterseley, 1967, Gordon and Stone, 1973; Cox and Ball, 2001. Since the drag force
is much smaller than the lift force for sub-critical flow conditions, the right term of Eq.
3.1 is small. As a consequence, a smaller drag force is sufficient to induce the onset of
motion. Therefore, for sub-critical flow conditions, the onset of motion is induced by a
reduced resistance of the car to the flow, due to higher lift forces. On the other hand, for
super-critical flow conditions the left term of Eq. 3.1 is more relevant. In fact, as shown in
Figure 5.8, the magnitudes of drag and lift forces are in the same range for larger Froude
number Fr. Therefore, for super-critical flow conditions the onset of motion is induced
by higher drag forces. Tables 5.1, 5.2 show the computed drag and lift coefficients for the
Ford Focus car at prototype scale and 1:18 scale for β = 0◦ and β = 180◦ respectively.

A common practice is to analyse the force coefficients as a function of Reynolds num-
ber, since the study of drag and lift is usually carried out in aerodynamics (e.g. design
of vehicles shape to reduce the resistance to flow) for objects fully immersed in air flow.
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FIGURE 5.8: Drag and lift forces for prototype (top panel) and scale 1:18
Ford Focus (bottom panel).

TABLE 5.2: Drag and lift coefficients for Ford Focus at prototype scale (1:1)
and at scale 1:18 for angle of flow incidence β = 180◦

Water depth Velocity Drag coeff. Lift coeff. Water depth Velocity Drag coeff. Lift coeff.
H 1:1(m) U 1:1 (m/s) CD (-) CL (-) H 1:18(m) U 1:18 (m/s) CD (-) CL (-)

0.162 6.020 0.060 0.010 0.009 1.420 0.070 0.009
0.180 5.855 0.067 0.009 0.010 1.300 0.067 0.013
0.225 5.091 0.095 0.019 0.013 1.200 0.095 0.022
0.243 5.855 0.114 0.027 0.014 1.380 0.107 0.034
0.306 3.309 0.247 0.186 0.017 0.780 0.247 0.186
0.360 2.758 0.152 0.114 0.020 0.650 0.154 0.125
0.459 1.697 0.363 0.809 0.026 0.400 0.337 0.836
0.491 0.849 0.446 4.847 0.027 0.200 0.407 4.802
0.522 0.976 0.834 4.457 0.029 0.230 0.426 3.986
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FIGURE 5.9: Drag coefficient versus Reynolds number for prototype and
1:18 scaled Ford Focus (top left and top right panels) and lift coefficient
versus Reynolds number for prototype and 1:18 scaled Ford Focus (bottom

left and bottom right panels).

In fact, Reynolds number governs some physical mechanisms such as flow separation
and turbulent wakes, which affect the resistance of a body to flow. Reynolds number Re
represents the ratio between inertial and viscous forces and is defined as

Re =
U · l
ν

(5.1)

where U(m/s) is the characteristic velocity here assumed equal to the mean flow ve-
locity, l (m) is the characteristic length scale assumed equal to the width of the vehicle
and ν (m2/s) is the kinematic viscosity of the fluid. Figure 5.9 shows the variation of
force coefficients with Reynolds number. The two top subplots show the drag coefficient
versus Reynolds number for the prototype and 1:18 scaled Ford Focus in left and right
panels, respectively for flow incidence angles β = 0◦ and β = 180◦. The drag coefficient
decreases exponentially with Reynolds number. For the simulations with the prototype
car, Reynolds number is of the order of magnitude of 108 while for the scale 1:18 cars
the order of magnitude is 106. The two bottom subplots show the lift coefficient versus
Reynolds number Re for prototype and scale Ford Focus in left and right panels, respec-
tively for β = 0◦ and β = 180◦. Like the drag coefficient, the lift coefficient also decreases
exponentially with Reynolds number Re, but at a higher rate.

In order to evaluate the relative importance of the effect of Froude number Fr and
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TABLE 5.3: Partial correlation of x over y, given z.

x=CD y=Fr z=Re x=CD y=Re z=Fr x=CL y=Fr z=Re x=CL y=Re z=Fr
partial correlation (x,y,z) -0.607 -0.003 -0.68 0.2

Reynolds number Re on both drag and lift coefficients CD and CL, the partial correla-
tion of CD and CL with respect to Fr and Re is performed. In probability theory and
statistics, partial correlation measures the degree of association between two random
variables, with the effect of a set of controlling random variables removed. The partial
correlation between X and Y given a set of n control variables Z = {Z1, Z2, ..., Zn}, writ-
ten ρ(XY∆Z), is the correlation between the residuals RX and RY resulting from the
linear regression of X with Z and of Y with Z, respectively (Kendall & Stuart, 1973).
If once the dependence on Z is removed, the correlation between X and Y is high the
importance of Y and Z are comparable. Vice versa if once the dependence on Z is re-
moved, the correlation between X and Y is low the importance of Z is higher than Y .
The results in Table 5.3 show that the main control variable for both drag coefficient CD
and lift coefficient CL is Froude number, since the correlation coefficient between CD and
CL and Froude number once the dependency on Reynolds number is removed, is very
high. The contribution of Reynolds number is small for CL and negligible for CD. This
confirms again the validity of a simple Froude similarity in order to scale the incipient
motion conditions found in flume experiments to full scale (i.e. prototype).

5.1.3 Comparison of numerical results with experiments

In order to verify the non-dimensional groups found in analyzing the experimental data
on the incipient motion, the force coefficients estimated numerically are substituted in
the dimensionless variable C, which has been introduced in Chapter 3 (Eq. 3.9). The
variable C groups lift coefficient, drag coefficient and friction coefficient, the latter as-
sumed constant and equal to 0.3. Since the mobility parameter θV evaluated from the
experiments (Xia et al., 2011; Shu et al., 2011) is equal to the product of the square of
Froude number Fr2v and C (Eq. 3.7), which is evaluated from the numerical simulations,
the validation of the results of the numerical model is performed by comparing these two
quantities in a scatter plot (Figure 5.10). Figure 5.10 shows the comparison between the
non-dimensional mobility parameter for incipient motion of the Ford Focus derived from
the experimental data by Shu et al. (2011) and the forces coefficients estimated with the
3D numerical model. Friction coefficient µ is assumed as constant and equal to 0.3. The
numerical results agree relatively well with the experimental data, in fact the determina-
tion coefficient of the regression curve R2 is 0.89 and the RMSE 7.35. Although globally
there is a good accordance between experiments and numerical model, some points in
the right hand side of the scatter plot show large deviations. These points correspond to
higher values of mobility parameter and thus, higher Froude numbers. A water depth
almost equal to the height of the car planform characterizes the experimental pairs of
water depth and velocity, which correspond to these values of the mobility parameter.
Moreover, the height of the planform hc is an important parameter to be considered for
the occurrence of the onset of motion. Since the Ford Focus is assumed as a rigid body in
the numerical simulations, the height of the planform is assumed as constant for every
simulated flow condition. However, real cars are not rigid bodies, since vertical displace-
ments are allowed by the presence of the suspensions. The effect of the suspensions is
analyzed in section 5.1.4.
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FIGURE 5.10: Comparison between numerical results and mobility param-
eter evaluated from the experiments of Shu et al. (2011) .

5.1.4 Discussion of the assumptions "rigid body and constant friction coeffi-
cient"

The results of the numerical simulations compared with the laboratory experiments high-
light that the incipient motion conditions of a vehicle defined by the mobility parameter
θV are very sensitive to the height of the chassis. In the numerical simulations, the 3D
geometry of the car is rigid, so a strong assumption on the characteristics of the vehicle is
introduced. Real vehicles and scale models instead are not rigid, so during a flood at full
scale or in the hydraulic flume the car can move vertically due to the presence of the sus-
pensions, which are an elastic device. The suspension travel refers to the distance that the
axle can move up and down in relation to the frame before becoming fully extended or
fully compressed. If the water moves up the chassis, this can significantly decrease the lift
forces and buoyancy for low water depths. To verify this hypothesis, assuming that for
a common car at full scale, the maximum wheel vertical travel is lower than 0.1 m, three
simulations of the Ford Focus with the same hydraulic conditions but different heights of
the chassis are carried out. To simulate the increased height of the chassis, the geometry
is scaled only in the vertical (z) direction to reproduce a suspension travel of 0.02, 0.04
and 0.7 (Table 5.4). Since the x and y directions are not scaled and the car is partially
submerged, the error on the modified geometry is very limited and only the height of the
car appears stretched. Figure 5.11 compares the real geometry (yellow surface) with the
stretched mesh obtained with a scaling along the z direction. The hydraulic conditions
used to verify this hypothesis are 0.23 m water depth and 5.06 m/s velocity, which are
critical because the water depth is in the same range as the height of the chassis. The
results obtained are summed up in Table 5.4. The zero suspension travel is equivalent to
the hypothesis of rigid body. As expected, if the car is lifted up by the water, the lift force
strongly decreases while the drag force decreases at a lower rate.

Furthermore, the variation of the hydrodynamic forces due to the deformability of the
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FIGURE 5.11: Vertical scaling of the Ford Focus to reproduce the suspen-
sion travel (a) and detail of the stretched tyre (b).

TABLE 5.4: Effect of the suspension travel on the forces exerted by water
for 0.23 m water depth and 5.09 m/s velocity.

Suspension travel (m) 0 (rigid) 0.02 0.04 0.07
Weight (N) 13641 13641 13641 13641

Drag Force (N) 2840 2829 2819 2719
Lift force (N) 5984 4299 4218 2751
Buoyancy (N) 3379 2298 0 0

Friction coefficient (-) 0.66 0.40 0.30 0.25

tyres yields another important issue about the estimation of the friction coefficient. The
experimental incipient motion conditions found by Shu et al. (2011) are again compared
with the numerical results to understand the effect of the friction coefficient. The mobility
parameter θV , evaluated from the flume experiments and the coefficient C estimated
numerically multiplied by the square of Froude number (Eq. 3.7), are plotted against the
square of Froude number for assigned values of friction coefficient from 0.01 to 0.6 (Figure
5.12). Figure 5.12 shows that the incipient motion conditions are highly sensitive to the
assigned friction coefficient. Moreover, the hypothesis of constant friction coefficient is
clearly not justified. When the Froude number increases, lower values of the friction
coefficient are required to fit the flume experiments. These results suggest that a more
detailed analysis of the friction coefficient is required. To better understand the role of
the friction, the friction coefficient for incipient motion conditions is estimated for the
numerical simulations reproducing the 1:18 Ford Focus experiments by Shu et al. 2011
and for the prototype simulations. The static friction coefficient is defined as the ratio
between driving forces (i.e. drag force) and the resisting forces (e.g. friction force), as
described in Eq. 3.1. For some of the simulated flow conditions (those with higher water
levels), the friction coefficient appears to be negative, meaning that the effective weight
is null. This should lead to incipient motion conditions due to floating and not to sliding,
which is in contrast with the main assumption of the experiments by Shu et al. (2011). If
only the physically meaningful friction coefficient (positive values only) are considered,
it is found that the friction coefficient seems to decrease from 0.7 to 0.1 when Froude
number increases. Equalling weight and buoyancy, the static limit for floating (i.e. for
zero velocity), for the Ford Focus prototype model, is obtained for a water depth around
0.38 m. Considering the experimental data this means that for a Froude number smaller
than 2.2, the car moves due to its null effective weight. Since most of the assessment of the
static limit for floating is based on the height of the chassis, this particular result suggests
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FIGURE 5.12: Vertical scaling of the Ford Focus to reproduce the suspen-
sion travel (a) and detail of the stretched tyre (b).

that a variation of the height of the chassis may alter significantly the friction coefficient
as shown in Figure 5.13. The values in Figure 5.13 refer to the forces evaluated assigning
different values of suspension travel for the same pair of water depth and velocity as in
Table 5.4. In conclusion, the assumption of the rigid body introduces some uncertainties
on the forces estimation and on the calculation of the friction coefficients. Both issues
should require a separate and further investigation, which is not undertaken in this study.
These limitations could be overcome by using a coupled CFD-CSD numerical model,
which could constitute on its own a topic for a PhD, thus is left for a future research.

5.1.5 Effect of the angle of flow incidence

Numerical simulations have been carried out for a selection of pairs of water depth and
velocity of the experimental dataset on the incipient motion of a Ford Focus (Shu et al.,
2011) to investigate the effect of the angle of flow incidence only on the hydrodynamic
forces. Thus, this set of simulations (see section 4.5.1) does not necessarily represent
incipient motion conditions. The new set of numerical simulations accounts for two dif-
ferent angles of flow incidence β = 90◦ and β = 65◦ (see Figure 3.6). Since no significant
scale effects have been found in the previous set of simulations, this new set of numerical
simulations involves only the prototype geometry of the Ford Focus. The angles of flow
incidence β = 90◦ and β = 65◦ change the flow pattern and the hydrodynamic forces
on the vehicle as compared to β = 0◦ and β = 180◦ flow orientations. In fact, as the
cars are designed to reduce the resistance to the air flow during the motion, the angles
of flow incidence β = 0◦ and β = 180◦ are those meeting aerodynamic requirements.
Thus, it is expected that for the same simulated pairs of water depth and velocity, the
drag force will be higher for lateral impacts of the flow. Figure 5.14 shows flow velocity
for the super-critical simulated pair H=0.23 m and U=5.09 m/s and β = 90◦. The flow
is in x-direction and accelerates when passing under the vehicle chassis and suddenly
decelerates at the end of the chassis causing a hydraulic jump, which is underlined by
the colour scale as indicated in Figure 5.14. Moreover, the flow velocity tends to zero
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FIGURE 5.13: Friction coefficient versus suspension travel for water depth
0.23 m and velocity 5.06 m/s.

behind the right side tyres (right hand side of the figure). As for the β = 0◦ and β = 180◦

numerical simulations, the pressure distribution on the vehicle chassis changes accord-
ing to Froude number. When the flow regime is subcritical the pressure is uniform on
the vehicle planform. However, for supercritical flow as shown in Figure 5.15, the pres-
sure suddenly increases in the impact area and then decreases afterwards. This flow
behaviour has an important implication for the forces, which can be explained through
Bernoulli’s principle. Bernoulli’s principle states that for an inviscid flow, an increase in
the speed of the fluid occurs simultaneously with a decrease in pressure or a decrease in
the fluid’s potential energy. The principle can be derived as a direct consequence of the
energy conservation

U2

2g
+ z +

p

ρg
= cons tan t (5.2)

Where U (m/s) is the flow velocity, g (m/s2) is the acceleration of gravity, z (m) is the
elevation above a reference plane, p (Pa) is the pressure and ρ (kg/m3) is the density of
the fluid. For the assumption of energy conservation, if two points A and B, which are re-
spectively upstream the impact zone (undisturbed velocity) and below the car planform,
are considered, Bernoulli’s Principle yields
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Where U2

2g is the dynamic pressure head and z + p
ρg is the hydraulic head. Since the

left and right terms are equal, when UB increases below the car planform the hydraulic
head decreases and both zB and pB decrease. This lead to a suction effect (Bonham &
Hatterseley, 1967), which affects the lift force as shown in Figures 5.17 and 5.19.

5.1.6 Forces and forces coefficients for different angles of flow incidence

This section presents the effect of the angle of flow incidence on the forces and force co-
efficients calculated in the numerical simulations. The reference area for CD, which has
been evaluated graphically, is equal to A90◦ = 4.32m2 and A65◦ = 4.85m2 for β = 90◦

and β = 65◦, respectively. The reference area for CL is the same planform area equal to
7.81 m2, used in all the simulations. The largest reference area for CD is Aβ = 65◦ as
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FIGURE 5.14: Flow velocity for a prototype Ford Focus with 0.23 m water
depth and 5.09 m/s velocity, β = 0◦.

FIGURE 5.15: Pressure for a prototype Ford Focus with 0.23 m water depth
and 5.09 m/s velocity β = 90◦.
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FIGURE 5.16: Comparison of drag coefficient for all the investigated angles
of flow incidence.

depicted in the embedded sketch in Figure 5.16. Figure 5.16 shows the drag coefficients
versus Froude number, evaluated for the four angles of flow incidence investigated in the
numerical simulations, which are β = 0◦, β = 65◦, β = 90◦ and β = 180◦. The value of
drag coefficient ranges from 0.06 (for high Froude number) to 0.8 (for low Froude num-
ber). The drag coefficient decreases exponentially with decreasing Froude number. For
the different angles of flow incidence, the values of the drag coefficient are very similar
for the same Froude numbers, i.e. for the same simulated pairs of water depth and veloc-
ity. This means that, since CD is a dimensionless measure of the ‘efficiency’ of the drag
force over a reference surface, the average force exerted on a unitary surface of the car
for the same pairs of water depth and velocity is similar. However, the dimensional drag
force will be different since the reference areas are different. Figure 5.17 shows the lift
coefficient versus Froude number, calculated for different flow orientations. Unlike the
drag coefficient, the lift coefficients for β = 90◦ and β = 65◦ (left panel) are very different
from those for the β = 0◦ and β = 180◦ simulated cases (right panel). Lift coefficients for
β = 90◦ and β = 65◦ are lower than lift coefficients evaluated for β = 0◦ and β = 180◦

for the same simulated pairs of water depth and velocity. In particular, lift coefficients
are negative for Froude number in the range 1.6-4 for β = 90◦ and β = 65◦ (left panel in
Figure 5.16). This means that the vertical force is directed downward for the mentioned
flow conditions and thus it contributes to the global stability of the vehicle. This also
confirms the suction effect due to the velocity pattern qualitatively described in section
5.1.5. This effect is more relevant for super-critical flows since the flow is undisturbed
upstream and the flow acceleration occurs under the planform (Figure 5.14), while for a
sub-critical regime the flow perturbation is less pronounced and thus no suction effect
occurs. The representation of the dimensional forces on the vehicle underlines the large
difference in terms of impact for the different flow orientations. Figure 5.18 shows that
the drag force for β = 0◦ and β = 180◦ is smaller than the drag force for β = 90◦ and
β = 65◦. While for sub-critical flow conditions the drag forces are in the same range for
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FIGURE 5.17: Comparison of the lift coefficients for all the investigated
angles of flow incidence, β = 90◦, β = 65◦ and β = 0◦, β = 180◦ in the left

and right panel respectively.

all the flow orientations considered, for super-critical flows the drag force for β = 90◦

and β = 65◦ reaches twice the value for the same simulated conditions (H,U) and flow
orientation β = 0◦ and β = 180◦. This means that a lateral flow impact can be more
critical for the onset of vehicle motion.

Figure 5.20 shows the ratio between the horizontal forces acting on the vehicle (i.e.
drag and friction) versus Froude number. Since the incipient motion for sliding occurs
when the drag force exceeds the friction force the ratio in Eq. 5.4 is often used as safety
coefficient, in fact R > 1 means stability and R < 1 means instability

R =
(W − Li) · µ

D
(5.4)

The friction coefficient µ is assumed equal to 0.3. As shown by the continuous and
dashed lines in Figure 5.20, R is lower for β = 65◦ than for β = 0◦ . Thus for the same
simulated Froude number Fr a lateral flow impact is more critical for the onset of motion.
This also means that the incipient motion conditions for β = 65◦ will occur for lower
water depth (or lower velocity) compared to β = 0◦ as demonstrated by Xia et al. (2013).

5.1.7 Summary of the numerical results of the Ford Focus

In order to better understand the effect of the hydrodynamic forces on the incipient mo-
tion of a parked vehicle, a Ford Focus scaled 1:18 for flume experiments (Shu et al., 2011),
is considered for a numerical parametric study. A set of numerical simulations repro-
ducing the experimental incipient motion conditions observed in the hydraulic flume are
carried out for two angles of flow incidence, β = 0◦ and β = 180◦. Then, using a Froude
similarity, the experimental conditions derived for the 1:18 Ford Focus model are scaled
up to prototype and simulated in order to identify possible scale effects. The results of
the first set of numerical simulations show that:

• No significant scale effect exist for forces coefficients
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FIGURE 5.18: Drag force versus Froude number for the analysed flow ori-
entations

FIGURE 5.19: Lift force versus Froude number for the analysed flow orien-
tations
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FIGURE 5.20: Ratio between resisting and drag forces for β = 65◦ and
β = 0◦, values of the ratio R above 1 represent stable conditions

• Froude similarity is valid for scaling the dimensional forces on the vehicle, so the re-
sults of the 1:18 scaled model tests in the laboratory can be transferred to prototype
scale

• No significant difference is found in terms of force and force coefficients for flow
incidence angles β = 0◦ and β = 180◦

• Two incipient motion mechanisms are identified for sub-critical and super-critical
flow regimes, where respectively the lift force and the drag force dominate

• As also confirmed by the results of a partial correlation analysis, Froude number is
the most relevant parameter governing the conditions for the onset of motion

• The numerical results show a relatively good agreement with the experimental re-
sults in terms of mobility parameter θV

• Constant friction and rigid body represent both strong but necessary assumptions
for the numerical model, thus requiring further research.

Another set of numerical simulations considers the effect of the angle of flow incidence
by accounting for two lateral impacts β = 90◦ and β = 65◦. These conditions have not
been tested experimentally as incipient motion conditions, so that they only aim at a
better understanding of the effect of flow direction on a parked car. The results of this set
of numerical simulations show that:

• The flow direction significantly alters the flow pattern and a suction effect may
occur for some super-critical flow conditions

• Drag and lift coefficients do not change with flow direction for the same Froude
number Fr
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FIGURE 5.21: Streamlines around human body for subject 4 considered by
Karvonen et al. (2000) at 0.87 m elevation for H=1.0 m and U=0.8 m/s

• Drag and lift forces change significantly with flow direction, in particular the drag
force for β = 90◦ and β = 65◦ is larger than for β = 0◦ and β = 180◦ while lift force
is smaller or even negative

• The analysis of the global balance of forces shows that lateral flow directions (e.g.
β = 90◦ and β = 65◦) are more critical for the onset of motion than frontal impact
(β = 0◦) and rear impact (β = 180◦).

5.2 Numerical results of the simulations of pedestrians

5.2.1 Flow characteristics around an upright standing human body

The numerical simulations of people instability under water flow are carried out by con-
sidering the four human subjects tested by Karvonen et al., 2000, Jonkman & Penning-
Rowsell, 2008 as well as the human model tested in a physical flume by Xia et al., 2014.
A selection of water depths and velocities covering a wide range of Froude numbers
are simulated. The flow impact considered is frontal as in the experiments by Karvonen
et al., 2000 and Xia et al., 2014. For sub-critical flow conditions the flow is disturbed
upstream the human body, where a slight deceleration occurs and vortices occur down-
stream (Figure 5.21). The latter shows the streamlines at vertical elevation 0.87 m for the
human subject 4 tested by Karvonen et al. (2000) (see Table 4.9) for water depth H=1.00 m
and flow velocity U=0.8 m/s. The flow velocity decreases significantly behind the body
where a vortex is generated as a consequence of the flow separation around the body.
For the same simulated pair of water depth and velocity (H,U) and lower elevation 0.62
m (Figure 5.22), the velocity increases when the streamlines surround the knees, then
decreases again behind the obstacle without any vortex.

For super-critical flows, a significant splash is generated in the impact zone (Figure
5.23, panels a, c). Figure 5.23 depicts the simulation on the subject tested by Jonkman
& Penning-Rowsell (2008) (see Table 4.11) for H=0.35 m and U=2.40 m/s. For this flow



5.2. Numerical results of the simulations of pedestrians 93

FIGURE 5.22: Streamlines around human body for subject 4 considered by
Karvonen et al. (2000) at 0.62 m elevation for H=1.0 m and U=0.8 m/s.

TABLE 5.5: Reference frontal areas Aref , height and weight of the human
subjects and human body model considered for force coefficient calcula-

tion.

Subject N◦2 Karvonen N◦4 Karvonen N◦5 Karvonen Jonkman and Model scale 1:5.54
et al., 2000 et al., 2000 et al., 2000 Penning-Rowsell, 2000 Xia et al., 2014

Aref (m2) 0.49 0.42 0.46 0.43 0.014 (0.43 prototype)
Height HP (m) 1.95 1.62 1.82 1.7 0.31 (1.71 prototype)

Weight (kg) 100 57 94 68.2 0.334 (57 prototype)
d (m) 0.28 0.24 0.27 0.27 0.043 (0.24 prototype)

condition the free surface decreases downstream after passing the ankles where the flow
accelerates, then a sudden energy dissipation occurs (behind the ankles, panel b) and the
free surface is restored (panel c).

5.2.2 Forces and force coefficients

Drag and lift forces are integrated over the human body surface during the simulations
and the force coefficients are calculated using the frontal reference areasAref in Table 5.5,
which are evaluated graphically. Force coefficients are the time average of the instanta-
neous force coefficients once steady conditions are established. The reference area for lift
coefficient calculation coincides with the reference area for drag coefficient calculation as
in Milanesi et al., 2015 (see also 3.2.1).

Figure 5.24 shows the drag coefficient and lift coefficient versus Froude number in
the top and bottom panels, respectively. Drag coefficient ranges from 0.1 for high Froude
numbers, up to approximately 1 for low Froude numbers. Drag coefficients decrease
exponentially with increasing Froude number, i.e. with decreasing submergence. The
drag coefficients of all the human subjects (Karvonen et al., 2000; Jonkman & Penning-
Rowsell, 2008) are very similar for the same simulated flow regimes. Drag coefficients
for the human scale model (Xia et al., 2014) in the range of Froude number 0.4-1.5 are
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FIGURE 5.23: Splashing effect for super-critical flows shown as flow veloc-
ity (a), streamlines (c) and inset view parallel to flow direction upstream-
oriented (b), for the subject considered by Jonkman & Penning-Rowsell

(2008), H=0.35 m, U=2.40 m/s.

lower than the coefficients evaluated for the human subjects. In fact the human model
is ‘weaker’ than the real human subjects in facing the water flow, as demonstrated by
the comparison between dimensional threshold of instability for the model and real hu-
man subjects (Xia et al., 2014). For Froude numbers above 1.5, the drag coefficient for
the human model remains almost constant. Lift coefficients range from -0.49 up to 0.06.
Except for subject 4, which is represented with a diamond symbol in the bottom panel of
Figure 5.24, the lift coefficients are negative. This means that the lift force contributes to
stability because is directed downward. The two positive value for subject 4 (Karvonen
et al., 2000) are due to the relative submergence of the subject H/HP , which is higher
than 0.6 (see Figure 5.25, bottom panel). For this level of submergence, the water reaches
the lower part of the body trunk and thus can exert its action pushing it upward. The
negative lift coefficients are the result of the downward directed force acting on the feet.
Figure 5.25 depicts drag and lift coefficients versus relative submergence H/HP , in the
top and bottom panels respectively. Drag coefficient increases quadratically as the rela-
tive submergenceH/HP increases since a larger portion of body surface is affected by the
water flow, thus increasing the lever arm of the destabilizing moment. Lift coefficient lin-
early decreases with increasing relative submergence since a larger water depth results in
a larger hydraulic head, and thus in a higher pressure. In fact, the only surface, which is
affected by a vertical force is that of the feet, while legs only contribute to horizontal (i.e.
drag) forces. Once a threshold level of relative submergence is reached (i.e. around 0.55),
the water also surrounds the body trunk, which contributes to the pressure integration.

Figure 5.26 depicts the drag force versus Froude number for all the simulated subjects
and the human body model. For human subjects, which have been tested in the range
of Froude numbers Fr 0.2-2, drag force increases for 0.2<Fr<1, reaching a peak for Fr 1,
then it decreases. The values of drag force for human subjects range from 100 N up to
350 N. Subject 2 tested by Karvonen et al., (2000), which is the tallest and heaviest subject
of the dataset, is able to face the highest forces with respect to the other subjects. Subjects
4 and 5 are weaker according to the diagram, subject 4 is a woman and subject 5 is a
60 years old man. The estimated forces for the human model (Xia et al., 2014) have been
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FIGURE 5.24: Drag (top panel) and lift (bottom panel) coefficients versus
Froude number for the four human subjects considered in (Karvonen et al.,
2000; Jonkman & Penning-Rowsell, 2008) and the human body model con-
sidered in (Xia et al., 2014). Reference area Aref for both force coefficients

shown in Tab. 5.5
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FIGURE 5.25: Drag (top panel) and lift (bottom panel) coefficients ver-
sus relative submergence H/HP for the four human subjects considered
in (Karvonen et al., 2000; Jonkman & Penning-Rowsell, 2008) and the hu-
man body model considered in (Xia et al., 2014).Reference area Aref for

both force coefficients shown in Tab. 5.5
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scaled using the scale ratio 5.54 (Table 5.5). This allows comparing the dimensional forces
of the human body model with the forces acting on the human subjects. The behaviour
of the human body model, whose drag force values are represented in Figure 5.26 with
right-oriented triangles, are basically different from the human subjects. In fact, drag
force values increase almost linearly with Froude number (without any a peak for Froude
around 1). The peak of drag force observed for human subjects for Froude around 1 is
the result of a balance between drag-induced moment and immersed weight, including
the ability of real subjects to actively react to the action of the water flow. Moreover, for
Fr = 1, where the peak of drag force occurs, the lift force reaches its maximum absolute
value (Figure 5.27). Therefore, since the stabilizing effect of the lift force increases the
effective weight, the change of position of real human subjects, with a consequent change
of lever arm d (Eq. 3.15), increases the resisting moment. Thus, a larger drag force can
be faced. This is not possible for the human model, since it behaves passively in the
water flow without adjusting its posture. Figure 5.27 represents the lift force plotted
against Froude number; again, the forces on the human body model are up-scaled to
prototype conditions in order to ease the comparison. For Froude number between 0.5
and 1 there is a trough of the lift force, which reaches about -90 N for subject 2. For low
Froude number and relative submergence equal to 0.62 (see Figure 5.25, bottom panel),
subject 4 (Karvonen et al., 2000) experiences positive lift force since a portion of the lower
body trunk is immersed in water. These values correspond in fact, to low values of drag
force in Figure 5.27. For higher Froude numbers, the human body model is subject to
an increasing absolute value of lift force, which allows resisting to increasing drag forces
(Figure 5.26). Unfortunately, no human subjects have been tested for highly super-critical
flows so that a direct comparison between human subjects and human body model is not
possible for those regimes. While for sub-critical flow regimes, it is clear that the ability of
human subject to actively resist to the flow adjusting its position is an advantage in terms
of safety as compared to the human body model. However, the passive behaviour of the
human body model can be seen as representative of the weakest class of human subjects
such as elderly or sick people. A further research could overcome the limits of the rigid
body assumption, by adopting a coupled CFD-CSD model where the adjustment of the
body posture can be fully taken into account.

5.2.3 Identification of motion mechanisms

Since literature distinguishes two motion mechanisms, namely sliding and toppling (see
Chapter 3), the identification of these mechanisms is addressed. The normalized moment
is defined as the ratio of drag induced moment and resisting moment

Norm.moment =
D · (H/2)

(W − Li) · d
(5.5)

Where the effective weight of the subject is calculated subtracting (adding) the lift force
to the weight. The normalized moment is represented against Froude number in Figure
5.28. As can be seen from Figure 5.28 there are two regions identified by the normal-
ized moment. As Froude number increases, submergence (depth H) decreases. In the
left side of the diagram the normalized moment decreases with Froude number until ap-
proximately Fr = 1.5. Then, for Froude number higher than 1.5 the normalized moment
increases slowly. The region with Fr < 1.5 is interpreted as a toppling instability zone
and the region with Fr > 1.5 as a sliding instability zone with a transition zone around
Fr = 1.5 where both instability mechanisms may occur. For lower Froude numbers (i.e.
high relative submergence) toppling instability is rather expected while for high Froude
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FIGURE 5.26: Drag force versus Froude number for the four human sub-
jects considered in Karvonen et al., 2000; Jonkman & Penning-Rowsell,

2008 and the human body model considered in Xia et al., 2014.

FIGURE 5.27: Lift force versus Froude number for the four human subjects
considered in Karvonen et al., 2000; Jonkman & Penning-Rowsell, 2008 and

the human body model considered in Xia et al., 2014.
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FIGURE 5.28: Normalized moment against Froude number for the four
human subjects (Karvonen et al., 2000; Jonkman & Penning-Rowsell, 2008)

and the human body model considered in Xia et al., 2014.

numbers a sliding instability is more likely (Jonkman & Penning-Rowsell, 2008). In fact,
Froude number equal to 1.5 corresponds to a simulated water depth approximately equal
to 0.45 m, which is about 2 ·d. IfH = 2 ·d the coefficientH/2dmultiplying the drag coeffi-
cient CD in Ct (Eq. 3.29) is equal to one, thus becoming equal to the variable Cs obtained
for sliding equilibrium in Eq. 3.24. The identification of the two motion mechanisms
helps in defining the dimensionless groups Ct (Eq. 3.29) and Cs (Eq. 3.24), which are
used for the comparison between experiments and numerical results (section 5.2.4).

5.2.4 Comparison with experimental data and discussion

The numerical results obtained from the simulations are compared to the experimental
datasets of (Karvonen et al., 2000; Jonkman & Penning-Rowsell, 2008; Xia et al., 2014)
using the analytical relation between the mobility parameter θP , Froude number and
coefficients Cs (for sliding, Eq. 3.24) or Ct (for toppling, Eq. 3.29) (Chapter 3). Since the
Froude zones relevant for the sliding and toppling mechanisms have been identified in
Figure 5.28, Cs is calculated for Froude number Fr ≥ 1.5 and Ct for Fr < 1.5. Friction
coefficient is assumed constant and equal to 0.3, which is in the range used in literature
(Milanesi et al., 2015). The mobility parameter θP and Froude number Fr is calculated
with the experimental water depths H flow velocity U pairs (H,U). The length of the
foot d assigned for the different subjects and human body model is shown in Table 5.5.
Figure 5.29 shows the scatter plot of experimental (x-axis) and numerical results (y-axis)
for product Cs · Fr2 (for sliding) or Ct · Fr2 (for toppling) versus mobility parameter θP .
With R2 = 0.76 and an RMSE=0.63, the agreement is not full satisfying. In fact, most of
the data points for super-critical flow regimes are below the 1:1 line. Therefore in Figure
5.30, the datasets related to human subjects are separated from the data of the human
body model, which have shown a different behaviour in terms of hydrodynamic forces. If
the dataset on the human body model is removed the determination coefficient increases
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FIGURE 5.29: Comparison between experiments in terms of mobility pa-
rameter and numerical results for all the simulated human subjects and

human body model defined in Table 5.5.

(R2 = 0.84) and the RMSE decreases to 0.29, implying an improved agreement between
numerical and experimental results. As expected the numerical results of the human
body model are generally below the 1:1 line except for the two data point corresponding
to the two highest tested Fr-values.

5.2.5 Summary and discussion of the results of the numerical simulations of
people

A selection of experimental data about the instability conditions of pedestrians under
water flow has been simulated with a 3D numerical model. The human geometry is
represented with a real 3D rigid body geometry facing the flow defined in terms of ex-
perimental pairs of water depth and velocity (i.e. mean flow). The experimental data
have been selected in order to cover the widest range of flow regimes, i.e. Froude num-
ber from 0.2 to 3.1 and to consider both body real human subjects and a scaled human
body model. Four human subjects (Karvonen et al., 2000; Jonkman & Penning-Rowsell,
2008) and a 1:5.54 scaled human body model (Xia et al., 2014) have been simulated. The
main findings of the numerical simulations show that:

• Drag coefficientCD increases with submergence depth H and decreases with Froude
number.

• The hydrodynamic forces for human subjects and human body model basically
differ. The human body model is fully rigid and thus unable to adjust its position
like real human subjects in order to resist to the flow, thus the drag force for the
human model is lower than the drag force for the human subject. Lift forces are
quite similar instead.

• Lift force is negative for relative submergence H/HP < 0.6, since the body trunk is
not immersed, thus contributing to the stabilisation of the body.
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FIGURE 5.30: Comparison between experiments in terms of mobility pa-
rameter and numerical results separating the human subjects (circles) and

human model (triangles).

• According to the literature, there are two incipient motion mechanisms, namely
toppling and sliding, which occur for different flow regimes and levels of relative
submergence depth H/HP . In particular, for low submergence and high Froude
number Fr, sliding is more likely to occur. The numerical simulations confirm the
existence of these two motion mechanisms (toppling for higher H-values and lower
Fr-values; sliding for lower H-values and higher Fr-values Fr) with a transition zone
around Fr=1.5 where both mechanisms may occur.

• Froude number Fr and relative submergence depth H/HP are the most relevant di-
mensionless parameters governing both sliding and toppling mechanisms. Partic-
ularly Froude number describes the flow regime (critical, sub-critical and supercrit-
ical flow) and hydrodynamic effects, while relative submergence drives the portion
of wet surface and lever arm of drag force.

• The comparison between experiments and numerical results indicates that the hu-
man body model performs less well if compared with the mobility parameter θP ,
while the comparison is pretty good for the human subjects with R2 = 0.84.

The human body is modelled as a fully rigid upright standing body facing a flow with a
frontal impact, introducing a strong assumption. In the experiments, the human subjects
were in fact allowed to adjust their position in order to face and better resist the water
flow. This justifies the use of the full length of the foot d to calculate the lever arm of the
resisting moment induced by the weight. Moreover, the stuntman used by Jonkman &
Penning-Rowsell was crossing the water stream, so the impact was lateral. However, for
the low submergence levels tested in their experiments (i.e. sliding instability) the differ-
ences in the wet area and forces are considered very small. For the human body model,
the assumption on the full length of the foot is not consistent as shown by the differences
in the estimated forces. The human body geometry used in the numerical simulations
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is naked. However, some authors (Karvonen et al., 2000; Xia et al., 2014) stress that the
clothes and other equipment may play an important role for drag effects, which could
not be included in this study. Nevertheless, the numerical results demonstrate that the
use of a constant drag coefficient equal to 1, which was assumed in many studies (Love,
1986; Walder et al., 2006; Milanesi et al., 2015) is not realistic. The friction coefficient is an
important parameter for the sliding mechanisms and is difficult to calibrate in the experi-
ments. Here a value of 0.3 is used, which is a conservative value in the range available in
literature (Milanesi et al., 2015). Therefore, a more detailed study on the effect of friction
and on the non-rigidity of the body is required in future research.

5.3 Summary of the chapter

This chapter analyses the numerical results of the simulations about vehicles and people
under water flow. Both for vehicles and people, the numerical simulations adequately
reproduce the experimental pairs of water depth and flow velocity in which the stability
is lost in the hydraulic flume tests. Both vehicles and people are assumed as rigid bodies.
The numerical results for the Ford Focus (section 5.1) and for four human subjects and a
human body model (section 5.2) have clarified the incipient motion mechanisms and the
related hydrodynamic forces and force coefficients of the objects. Moreover, the most rele-
vant dimensionless parameters are identified, which are Froude number Fr = U/(gH)0.5

for both vehicles and people, and relative submergence H/Hp for people. The compari-
son between numerical results and experiments for vehicles has been considered pretty
good. The comparison between numerical results and experiments for pedestrians has
been considered pretty good once the data on the scale human model have been removed.
The rigidity of the body and the constant friction coefficient are strong but necessary as-
sumptions for the numerical simulations of vehicles and pedestrians, which have been
discussed but could require a future study. The numerical model here adopted is sim-
plified since the mesh has been selected to reduce the computational time and a laminar
approach has been used. A future study should investigate finer meshes and should also
identify an appropriate turbulence model to be validated with new adequate experimen-
tal data. Vehicles and human bodies behave differently under water flow. Particularly
they differ in shape and density, thus leading to different motion mechanisms and differ-
ent hydrodynamic interactions. Froude similarity has been demonstrated as appropriate
for transferring the forces from scale models to prototype cars. Therefore, the mobility
parameters introduced in Chapter 3 can also be applied for full scale conditions, in or-
der to create hazard maps at inundation scale. Figure 5.31 graphically summarizes the
contents of the chapter.
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FIGURE 5.31: Graphical summary of the chapter.
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Chapter 6

Application to two case studies

Identifying flood prone areas in a hazard map is usually the first step in flood risk studies.
This step requires the implementation of hydrologic-hydrodynamic models that enable to
quantify the evolution of a flood, which is generally described by representative variables
such as flood depth and flow velocity. Hazard maps resulting from hydraulic models
usually show potential flood extent, water depth and sometimes velocity for predefined
low, medium and high probability levels (e.g. hazard scenarios). The movement of flood-
waters through the landscape can be approximated using different methods (see Chapter
2). Describing natural physical phenomena using numerical methods requires making
broad assumptions to develop governing equations. While simple hydraulic modeling
methods may be sufficient for approximating propagation of flood peaks through river
channels, more complex hydraulic analyses may be necessary to incorporate the effects
of infrastructure or complex overland flow in urban areas. The evaluation of hazard to
people and vehicles under water flow requires a flood map created with a hydrodynamic
model representing water depth and flow velocity capable of adequately describing the
flow in the streets and thus accounting for the buildings. In the previous chapters, two
dimensionless mobility parameters for pedestrians and vehicles under water flow have
been developed. Two critical thresholds of instability have been identified by calculat-
ing the mobility parameters for the experimental data. Moreover, the numerical model
demonstrated that no scale effect exists for the hydrodynamic forces for vehicle models
scaled from prototype vehicles using Froude’s similitude. Thus, the critical threshold of
incipient motion for vehicles can be adopted to floods at prototype scale, to achieve the
following objectives:

• i) define hazard criteria for both people and vehicles under water flow

• ii) map the hazard levels for an inundation scenario

• iii) provide a qualitative validation of the critical threshold using reports of past
flood events

• iv) demonstrate the potential use of hazard maps

In order to apply the results obtained in this research to a field scale it is necessary to
define hazard criteria (section 6.1), then to briefly describe the inundation model (6.2)
and finally to present the two case studies namely Ajaccio in France (section 6.3) and
Genova in Italy (section 6.4).

6.1 Definition of hazard criteria

6.1.1 Hazard criteria for vehicles

The critical threshold of incipient motion for vehicles θV cr has been introduced in chapter
3. The critical mobility parameter θV cr resulting from a regression analysis of the mobility
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TABLE 6.1: Color scale for hazard classification and mapping

Hazard value (-) Colour Description
1.5 Extremely high
1.25 Very high
1.0 High
0.75 Medium
0.5 Low
0.25 Very low

0 No hazard

parameter θV obtained from the experiments versus Froude number Fr = U/(g ·H)0.5 is
provided by Eq. 3.31 re-written below (see also Fig. 3.14):

θV cr = Fr1.92 + 2.77 (for vehicles) with R2 = 0.83 & RMSE = 0.73

This regressed curve (Eq. 3.31) accounts for the experimental data of different types of
vehicle, whose geometric characteristics are included in the shape factor of θV (Eq. 3.13).
Typical values of the shape factor are in the range 6.2−6.6. Since this equation identifies a
threshold, the values of θV falling above the curve (see Fig. 3.14) are stable conditions (i.e.
low hazard) while the values falling under the curve are unstable (i.e. high hazard), un-
like the famous Shield’s diagram for sediments incipient motion where the values above
the critical curve represent motion conditions. This hazard classification can be written
as a hazard criterion HazV as

HazV =
θV cr
θV


> 1 unstable

= 1 incipient motion
< 1 stable

(6.1)

For values of the ratioHazV higher than one, the hazard is very high because a vehicle
is very likely to be unstable. For the ratio equal to one, incipient motion is expected, thus
the hazard is high. For values lower than one, the hazard can be medium to very low
according to the proximity to the threshold. This transition from medium to very low
hazard is classified in three categories, which are: medium hazard (0.75 ≤ HazV < 1),
low hazard (0.50 ≤ HazV < 0.75), very low hazard (0.25 ≤ HazV < 0.5). A colour
scale in hazard maps can easily represent different values of HazV as in Table 6.1. The
value of θV can be calculated either for an average representative car geometry or for a
probability distribution of car geometries, once the water depth H and flow velocity U are
available from the inundation map. As a conservative hypothesis a representative light
vehicle with low chassis height should be considered for the calculation of θV . H and U
provided by the inundation map are used to calculate Froude number Fr = U/(g ·H)0.5

and thus the critical threshold θV cr. In absence of detailed data about the position and
orientation of cars with respect to the longitudinal axis of the streets, a value β = 90◦

for the calculation of the mobility parameter is assumed, since it is the most conservative
hypothesis.

6.1.2 Hazard criteria for pedestrians

The critical threshold of instability for people under water flow θPcr has been introduced
in chapter 3. The critical mobility parameter θPcr resulting from a regression analysis of
the mobility parameter θP obtained from the experiments versus Froude number Fr =
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U/(g ·H)0.5 is provided by Eq. 3.25 re-written below (see also Fig. 3.14):

θPcr = Fr1.02 + 1.71 (for people) withR2 = 0.96 & RMSE = 0.19

Since this equation identifies a threshold, the values of θP falling above the curve (see
Fig. 3.14) are stable conditions (i.e. low hazard) while the values falling under the curve
are unstable (i.e. high hazard). This hazard classification HazP can be written as

HazP =
θPcr
θP


> 1 unstable

= 1 incipient motion
< 1 stable

(6.2)

For values of the ratio HazP higher than one, the hazard is very high because a person
is very likely to lose its stability. For the ratio equal to one, the instability threshold is
expected, thus the hazard is high. For values lower than one, the hazard can be medium
to very low according to the proximity to the threshold. This transition from medium
to very low hazard is classified in three categories, which similarly to those of vehicles
are medium hazard (0.75 ≤ HazP < 1), low hazard (0.50 ≤ HazP < 0.75), very low
hazard (0.25 ≤ HazP < 0.5). A colour scale in hazard maps can easily represent different
values of HazP (as in Table 6.1). The value of θP can be calculated either for an average
representative person with typical physical characteristics (i.e. person height and foot
length) or for a probability distribution of human body characteristics, once the water
depth H and flow velocity U are available from the inundation map. A conservative
hypothesis is to assume as reference human subjects a short man with small feet. H and
U provided by an inundation map are used to calculate Froude number and thus the
critical threshold θPcr.

6.2 The TELEMAC-MASCARET suite

The TELEMAC-MASCARET suite of free surface flow solvers has been selected for both
the case studies described below. Through its wide and diverse applications in the con-
text of numerous studies worldwide, it has become one of the major standard CFD codes
in hydraulic and coastal engineering. TELEMAC-MASCARET (www.opentelemac.org)
is an integrated suite of FEM solvers for free-surface flow. TELEMAC-MASCARET is
managed by a consortium of core organisations: Artelia (formerly Sogreah, France),
Bundesanstalt für Wasserbau (BAW, Germany), Centre d’Etudes Techniques Maritimes
et Fluviales (CETMEF, France), Daresbury Laboratory (United Kingdom), Electricité de
France R&D (EDF, France), and HR Wallingford (United Kingdom). TELEMAC-MASCARET
is an open source code used for design and impact studies, where safety is prevailing
and, for this reason, reliability, validation and a worldwide recognition are of utmost
importance. TELEMAC-2D is a software package used to simulate free-surface flows in
two dimensions of horizontal space. At each point of the mesh, the program calculates
the water depth and the two flow velocity components. Space is discretised in the form
of an unstructured grid of triangular elements, which means that it can be refined par-
ticularly in areas of special interest. The governing equations of TELEMAC-2D are the
non-conservative form of the shallow water equations, written with depth and velocity
as unknowns (Galland et al., 1991). The bottom friction obeys the Manning-Strickler’s
formula or Chezy’s formula (see section 2.1.3). A semi-implicit time and a finite ele-
ment space discretization are used. A TELEMAC-2D hydrodynamic simulation requires
a minimum of three input files:

• Geometry File (.slf )
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FIGURE 6.1: Detail of les Cannes district in the eastern part of Ajaccio (vi-
olet polygon on the left) (Sogreah, 2006).

• Boundary Conditions File (.cli)

• TELEMAC-2D simulation parameters file (.cas)

Items 1 and 2 are prepared with, Blue Kenue developed by the National Research Council
of Canada (http://www.nrc-cnrc.gc.ca) (CHC, 2011; Gifford-Mears and Leon, 2013). The
geometry file contains the unstructured mesh of triangle elements, which can be edited
using GIS data, such as buildings polygons or river sections. The boundary conditions
file contains the list of nodes to which the conditions are assigned (e.g. the inflow hy-
drograph). FUDAA Pre-Processor (http://prepro.fudaa.fr/), which is developed by the
department of Simulation informatique et Modélisation of DTecEMF in the CEREMA
Institution is used to set up the TELEMAC-2D parameters file.

6.3 The case study of Ajaccio in Corsica (France)

6.3.1 Case study description

The first case study area considered to show the application of the hazard criteria for peo-
ple and vehicles, as described above in Section 6.1, is the Cannes district in Ajaccio (Figure
6.1), situated in southwestern Corsica (France). The results of the simulations have been
provided by CEREMA (Centre d’études et d’Expertise sur les Risques, l’Environment,
la Mobilité et l’Aménagement) in the person of Patrick Chassé and are described in de-
tail in a project report for the Direction Départementale de l’Equipment Corse du Sud,
(Sogreah, 2006). From preliminary hydrologic-hydraulic studies, Ajaccio has been classi-
fied as a high flood risk area. The Cannes district is located downstream of three small
catchments (Arbitrone, Moulins Blancs and Arbajola), whose streams are culverted in the
urbanized area up to the sea. The cadastral map 1:5000 has been used to extract the built
footprint and a detailed topographic survey has been carried out to measure the terrain
elevation (max 30 m.a.s.l.). The mesh is composed of 10511 nodes and 18486 triangu-
lar elements, with edge size ranging from one meter to 25 meters in the sea. Although
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FIGURE 6.2: Temporal maximum of water depth during the flood simu-
lation in the district les Cannes for 100 years recurrence interval (Sogreah,

2006)

the area is not densely urbanized, it hosts two important educational facilities and some
commercial activities. It is connected to the port area through an important traffic artery
along the coastline, the Cours Jean Nicoli. The numerical simulation is carried out with
the TELEMAC-2D suite, imposing the hydrographs and rainfall for a 100 years scenario
with 6 hours duration (Sogreah, 2006). The benchmark inundation events of 23 January
2003 and 25-26 November 1990 were used for the validation of the numerical model (So-
greah, 2006).

6.3.2 Inundation characteristics and hazard maps for vehicles and pedestrians

The simulated 100 years scenario in les Cannes district has the characteristics of a flash
flood since its timescale is approximately 5 hours. This recurrence interval is used as a
reference in French legislation for hydraulic constructions. The maximum water depth
reached in les Cannes district for the 100 years scenario, extracted from the simulated
time steps and is 2 m (Figure 6.2) and the maximum velocity is up to 2.5 m/s (Figure
6.3). The dark blue area in the bottom of Figure 6.2 represents the sea level used as a
southern boundary condition. The flood depth map allows recognising the three small
creeks (Arbajola on the top right side, Moulins blancs top and Arbitrone top left side of
the figure), which become culverts close to the urbanized area. In the flood conditions
shown in the figure, both vehicles and people are likely to be highly vulnerable. Hazard
levelsHazP andHazP are calculated in the Blue Kenue workspace using a cell calculator
tool capable of combining in each computational cell, for each time step, the variables
obtained during the simulation (i.e. water depth and velocity) and of performing simple
statistical analysis.
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FIGURE 6.3: Temporal maximum of flow velocity during the flood simu-
lation in the district les Cannes for 100 years recurrence interval (Sogreah,

2006)

Figure 6.4 shows the extraction of the maximum value of the vehicle hazard (Eq. 6.1)
over the simulation time. The colour scale goes from 0.25 (green colour, very low hazard)
up to 1.5 (dark violet, very high hazard). Red areas are those likely to be prone to incipient
motion of vehicles (high hazard) and violet areas can be considered as extremely danger-
ous for parked vehicles since the hazard level HazV is higher than one. Moreover, since
many open areas are used as car parking for the commercial areas, it is likely that they
can be swept away by floodwaters for a similar scenario. Much more interesting is Figure
6.5 showing the hazard to people. The hazard scale as defined in Table 6.1 ranges from
0.25 (green colour, very low hazard) up to 1.5 (dark violet, very high hazard). The most
dangerous area for pedestrians is Rue Pierre Bonardi (violet area in the centre of the pic-
ture) and the seaside Cours J. Nicoli, which is moreover the most important traffic artery
of the city. Furthermore, Rue P. Bonardi allows the access to the primary school, which
is a further high vulnerability factor. For these study area and flood characteristics, the
comparison between the two maps hints that driving a vehicle is much more hazardous
than a pedestrian walking in floodwater. This is mostly because water depths on aver-
age are around 0.75 m, so vehicles can easily float. A video taken during the 2003 flood
in les Cannes district (available at https://www.youtube.com/watch?v=fuOiVNrAA-o)
follows a man walking in flood waters through cars which are randomly distributed
along the street after being mobilized. The video qualitatively confirms the results of the
hazard maps. Another document (https://www.youtube.com/watch?v=e0HeU3qUJyE)
shows many people walking on the railway line on one of the sides of the flooded Cours
J. Nicoli after the 2008 rainfall event, whose recurrence interval is not known. The
maps shown in Figures 6.4 and 6.5 are interesting because they allow a risk estimation if
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FIGURE 6.4: Hazard to vehicles for the 100 years scenario and relevant
streets and buildings in Les Cannes district based on the proposed Hazard

criterion (see Eq. 6.1)
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FIGURE 6.5: Hazard to pedestrians for the 100 years scenario and relevant
streets and buildings in Les Cannes district based on the proposed Hazard

criterion (see Eq. 6.2)
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FIGURE 6.6: City of Genova (a) Location in Italy (www.wikipedia.it) and
(b) port area (Google Maps) with indication of the Bisagno creek and the

inundated area in 2014.

compared to the vulnerability data (i.e. about the actual parking density or traffic). Fur-
thermore, some buildings with special use (such as schools represented with stars a and
b in Figures 6.4 and 6.5) may be equipped with some informative panels to suggest emer-
gency behaviours in case of flood. This kind of non-structural mitigation measures can
be very effective to educate people and pupils, thus reducing the probability of injuries
in case of flood events.

6.4 The case study of Genova (Italy)

6.4.1 Case study description

The second case study in the city of Genova in North-western Italy (Figure 6.6) is con-
sidered exemplarily for vehicle incipient motion during urban floods (see Figure 2.5). It
hosts the most important port in Italy and has approximately 870000 inhabitants. Gen-
ova was hit by two severe floods in 2011 and 2014 (see blue ellipse in Figure 6.6, panel
b), which caused damages to buildings and commercial activities and 7 fatalities. In 2014
the Bisagno creek, whose last reach flows culverted in the urban area in correspondence
of Brignole station (Figure 6.6, panel b) was responsible for the flood, after heavy rains.
Silvestro et al., (2015) reconstructed the hydrological event. During the 8th and the morn-
ing of 9th of October 2014 a series of regenerating storms affected the central and eastern
parts of the Region. Several showers of rainfall created peak flows in the basins in the
area, but the intensities and persistence of the rainfall were not high enough to have any
notable impact. On the Bisagno Creek about 130 mm of rainfall was recorded at basin
scale in 36 h, produced by three main events of 3–6 h duration. During the evening of 9th
of October, after some hours of very light rain, there was a new, strong and intensified
storm; approximately 4 h of very intense rainfall affected the central part of the catch-
ment causing a very fast response of the basin. A local rainfall amount of 250 mm in four
hours was recorded. This rainfall event led to a peak flow of about 1100–1200 m3/s that
corresponds to a return period of approximately 100–200 years. Dolia (2015) carried out
the hydraulic reconstruction of the flood event using the hydrologic data by Silvestro et
al. (2015) and the results are currently under publication (Silvestro et al. 2016, in press).
The 2014 flood event in Genova has been simulated with TELEMAC-2D. The digital el-
evation model (DEM, 1 m resolution) and buildings data have been used for the mesh
generation (min cell size 1.5 m). The culverted reach of Bisagno creek has been modelled
with a sub-routine in the code.
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FIGURE 6.7: Maximum simulated water depth for the 2014 Genova flood
(Dolia, 2015).

6.4.2 Inundation characteristics and hazard maps for vehicles and pedestrians

Figure 6.7 shows the results of the numerical reconstruction of the 2014 flood event (Do-
lia, 2015) in terms of temporal maximum of water depth. The Bisagno creek on the top of
the figure is represented with dark blue colour (i.e. high water depth) and the opening
of the culvert, close to Brignole station is easily recognizable. Flood depth range from
0.15 m up to 3 m in the inundated urban area and the flow velocity up to 4 m/s. The
maximum simulated Froude number values reach 3.0 in many inundated areas (Figure
6.8). The hydraulic simulation run with TELEMAC-2D model was validated through
comparison of the calculated water levels with the watermarks of the flood event (Dolia,
2015), showing a relatively good performance of the model in terms of water depths. The
results of the model (i.e. pairs of water depth and velocity) have been kindly provided
by Simone Gabellani from CIMA Research Foundation (International Centre of Environ-
mental Monitoring, Savona, Italy). Hazard levels for pedestrians and vehicles have been
calculated according to Eqs. 6.2 and 6.1 respectively in the Blue Kenue environment,
which is compatible with the TELEMAC output files. A temporal statistical analysis
on the mesh elements is performed within Blue Kenue and the temporal maximum is
extracted. The results are shown in Figures 6.9 and 6.10 for the hazard to people and
vehicles, respectively. The hazard to people is shown for a detail of the Brignole station
area located in the top left side of Figure 6.9. Hazard to people is on average very high,
especially in some major roads and squares near the station (purple colour). On the right
hand side of Figure 6.9, the hazard values are lower (yellow-green colours) since those
areas, farer from the Bisagno creek, are characterised by a water depth of the order of 1
m and low velocities in the order of 0.4 m/s.

The hazard to parked vehicles is shown for a detail of the Brignole station in Figure
6.10. Hazard to vehicles is extremely high for most of the selected area, with very few
exceptions. As in the Ajaccio case study, vehicles are more likely to be mobilized than
people. The advantage of maps like those in Figures 6.9 and 6.10 over a classical flood
depth map (Figure 6.7) is that it is easier to assess the potential adverse consequences
of the flood on people and vehicles. Thus, management strategies for traffic circulation,
especially for decision making on road closures can be supported more efficiently.
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FIGURE 6.8: Maximum Froude number for the 2014 Genova flood.

FIGURE 6.9: A detail of hazard to people (temporal maximum) close to
Brignole station for the reconstructed 2014 Genova flood event
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FIGURE 6.10: A detail of hazard to vehicles (temporal maximum) close to
Brignole station for the reconstructed 2014 Genova flood event.

6.4.3 Comparison of proposed hazard criteria with photos of the flood event

Recent flood events such as the 2014 Genova flood are usually very well-documented by
pictures and movies, often taken by witnesses with their mobile phones. Based on the
comparison with such documentation, an attempt is made to partially assess the perfor-
mance of the hazard criteria for people and vehicles. First, a selection of pictures is made,
then the location of the shoot (georeferencing) is reconstructed using Google Maps and
street view tools and finally the hazard maps for vehicles are compared with the pic-
tures in order to detect whether incipient motion occurred or not. The map in Figure 6.11
shows the shooting points named a, b, c, d of the photos reported in figures 6.12, 6.13,
6.14, 6.15, 6.16. The description of the shooting locations is provided in the following list:

• a) Via Fiume/Via XX settembre, two vehicles mobilised during the flood event are
deposited in the footpath and are blocked by the railing of a pedestrian underpas-
sage (Fig. 6.12)

• b) Via Malta/Via Brigata Liguria, many cars are scattered in the street with different
orientations (Fig. 6.13)

• c) Corso Torino/Corso Buenos Aires, cars are deposited in the crossroad after the
mobilization occurred upstream (picture d) (Fig. 6.14)

• d) Corso Torino in front of the railway, cars are entrained by the water (Fig. 6.15)

• e) Via A. Canevari, firemen found the body of Antonio Campanella the night of the
9th october (Fig. 6.16)

Both pictures in Figures 6.12 and 6.13 taken the day after the event show the mobilized
cars after the deposition and confirm the very high hazard levels in those location shown
at locations a and b in Figure 6.11. Particularly Figure 6.12 indicates that the entrainment
of cars can be stopped by urban furniture like trees or artifacts such as rails and fences.

The photo in Figure 6.14 is taken at the end of the flood event, floodwater is lowering
and many cars are deposited in the crossroad Corso Torino/Corso Buenos Aires. The
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FIGURE 6.11: Hazard to vehicles and locations a, b, c, d of the photos in
Figs. 6.12, 6.13, 6.14, 6.15 taken during and after the 2014 Genova flood
event. Location where the body of A. Campanella was found (e), Fig. 6.16

FIGURE 6.12: The day after the flood, photo taken at location a (Figure
6.11, from: www.ilsecoloXIX.it).
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FIGURE 6.13: The day after the flood, photo taken at location b (Figure
6.11, from: www.ilsecoloXIX.it).

white wagon in Figure 6.15 can be also recognized in Figure 6.14 (bottom right side). In
correspondence of this crossroad location, the hazard map in Figure 6.11 shows HazV ≤
0.75, which is consistent with the deposition zone since the incipient motion conditions
do not occur.

The picture in Figure 6.15 taken at location d (Figure 6.11) is one example of photos
taken during the flood event. Three cars and a white wagon are swept away by the flood.
They are directed parallel to the flow (from left to right in the picture) with the frontal
heaviest part of the bodywork almost completely immersed. This location corresponds
in fact, to very high hazard levels for vehicles in Figure 6.11 (purple colour, HazV ≥ 1.5),
confirming the indications of the map. The four vehicles are directed towards the loca-
tion of Figure 6.14 (c, Figure 6.11). The 2014 flood in Genova also caused one fatality. It
was a 57 years old man, Antonio Campanella, who said to some friends that he wanted
to check the conditions of Bisagno creek after the rains of the day. He was swept away
by the outflowing waters of the Bisagno creek in Via Canevari and his body was found
in the same street (location e, Figure 6.11) stopped by a pole of the bus stop sign (Figure
6.16). The hazard map for people in Figure 6.9 shows that location e in Figure 6.16 cor-
responds to very high hazard levels for pedestrians HazP where walking in floodwaters
is extremely hazardous. The observations from the pictures reported above are in agree-
ment with the hazard maps for vehicles based on the proposed hazard criteria (see Eqs.
6.1, 6.2 ) using the mobility parameter θV for the pairs of water depth and velocity char-
acterising the reconstructed flood event. The good agreement between hazard level and
photos of the event is promising. However, some local alterations of the flow field (e.g.
due to artifacts, urban furniture), which are not captured by the hydrodynamic models
can significantly affect the probability of a parked vehicle starting to move. Many factors
might be responsible of the actual destabilization of parked vehicles such as:

• Congestion of vehicles

• Duration and persistency of mobilization conditions (i.e. HazV > 1)

• Presence of artifacts or other immovable obstructions

• Local turbulent flow effects.
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FIGURE 6.14: The night of the flood, photo taken at location c (Figure 6.11,
courtesy of S. Gabellani, CIMA Research Foundation).

FIGURE 6.15: The night of the flood, photo taken at location d (Figure 6.11,
from:www.adnkronos.it.
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FIGURE 6.16: The night of the flood, photo taken at location d (Figure 6.11,
from:www.meteoweb.eu./2014)

Nevertheless, the hazard to vehicles, tentatively and qualitatively validated using pho-
tos during and after the flood event, might represent a crucial information to be added
to the current hazard maps in order to improve the support to flood risk management
strategies.

6.5 Summary

In this chapter, two cases studies to illustrate the application of the mobility parameter
introduced for vehicles and pedestrians are presented. Hazard criteria have been defined
as ratios between critical mobility parameters (θV cr for vehicles and θPcr for people) as a
function of Froude number and mobility parameters (θV for vehicles and θP for people).
The hydraulic study provided by CEREMA about the city of Ajaccio in Corsica and the
hydrologic-hydraulic reconstruction of the 2014 flood in Genova provided by CIMA Re-
search Foundation demonstrate the applicability of the proposed hazard criteria over ex-
isting flood maps representing water depth and velocity. The differences found between
hazard levels for vehicles and people confirm the reports on the flood-related fatalities
since both the case studies show higher hazard levels for vehicles than for people. The
qualitative comparison between hazard maps and pictures taken during the flood event
for the case of Genova allow to partially and tentatively validate the proposed hazard cri-
teria. However, many local variables such as congestion of vehicles, presence of artifacts
and local turbulent flow effects, beside the duration in time of a certain hazard level may
significantly affect the results. The hazard maps are a static and simplified representation
of the phenomenon and other applications could further help in evaluating the reliability
of the method. Nevertheless, the results of the preliminary applications in the two case
studies are promising. The contents of the chapter are graphically summarized in Figure
6.17.
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FIGURE 6.17: Graphical summary of chapter 6.
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Chapter 7

Summary, conclusions and outlook

7.1 General summary

The European flood directive 60/2007/EC requires to identify the areas prone to floods
and the significant hazard to people, environment (both natural and anthropic) and cul-
tural heritage. As often reported on people fatalities by floods, people are exposed to
high risk when they attempt to drive or move on foot in floodwaters. As a matter of fact,
often the casualties are due to inappropriate and high-risk behaviours. Instability mech-
anisms for parked vehicles and people have been investigated so far through conceptual
models and through experiments on scale car models and human subjects. However, the
existing experimental datasets are extremely scattered because the results are presented
in terms of dimensional critical pairs of water depth H and flow velocity U averaged over
H. For vehicles, two characteristics, namely chassis elevation and vehicle weight, are cru-
cial and strongly affect the onset of motion; thus each vehicle model starts to move for
different H-U pairs. The existing hazard criteria for people, which are mostly based on
the product number H · U , are associated with a significant scatter of the experimental
data. Moreover, they suffer from a limited connection between flow regimes and physical
consequences on people. Thus, this study is aimed at describing the instability conditions
for flooded vehicles and pedestrians using a new approach based on dimensionless pa-
rameters, which can account for both flood and object characteristics. Moreover, this
approach is easier to apply to real urban floods (at full scale) in order to support flood
risk management strategies, particularly non-structural mitigation measures such as peo-
ple education in flood prone areas. The direct transfer of the approach from laboratory
scale to full scale was made possible thanks to the absence of scale effects using Froude
scaling, which was clearly demonstrated using a 3D hydrodynamic model (CFD). The
overall structure as well as the key milestones of this research study, starting from the
motivations up to the field scale application of the findings, are graphically summarised
in Figure 7.1.

7.2 Mobility parameters and numerical modelling

The analysis of the forces on a partly submerged flooded vehicle was carried out in chap-
ter 3. The manipulation of the equation for sliding equilibrium allowed identifying a di-
mensionless mobility parameter θV , which can describe the incipient motion conditions
for different vehicles geometries, densities, scales and angles of flow incidence. The mo-
bility parameter calculated for the experimental H&U-pairs allows us to identify a unique
threshold of incipient motion depending on the flow regime described by the Froude
number. The results of a sensitivity analysis of the mobility parameter with respect to
the variation of water depth H and average flow velocity U confirmed the absence of a
spurious correlation between θV and Froude number. For people instability, two motion
mechanisms were considered, namely sliding and toppling. Similarly to vehicles, the
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FIGURE 7.1: Graphical summary of the thesis.
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balance of forces on a human body has been considered. Despite the consideration of
two different motion mechanisms, the obtained dimensionless mobility parameters θP ,
which depend on water depth, height of the subject and length of the foot, are the same
for both sliding and toppling. The mobility parameter calculated for a selection of exist-
ing experiments on human instability in floods allowed us to overcome the significant
scatter associated with of the common use of the dimensional critical H&U-pairs and to
achieve a unique critical threshold of instability. As both mobility parameters describing
people and vehicle incipient motion are dimensionless, the critical conditions for people
and vehicles can be compared. Since the threshold curves intersect each other, the mo-
bility diagram is divided into four portions, highlighting the flow regimes under which
moving on foot is safer than driving a car and vice versa. Such a diagram provides a
new insight for developing behavioural rules and supporting urban flood risk mitigation
measures and civil defence actions. In order to better understand the role of hydrody-
namic forces in the onset of motion, a set of CFD simulations have been carried out in
OpenFOAM using a detailed 3D geometric representation of a Ford Focus and of a hu-
man body. Simplifications of the model construct was necessary and in order to reduce
the computational effort, the mesh size was kept as coarse as feasible without affecting
the estimated forces. Moreover, the turbulence is not considered in order to avoid calibra-
tion/validation phase of the turbulence coefficients, which anyway could not have been
possible with the existing experimental data. For the vehicles, two scales (i.e. 1:18 and
prototype) and different angles of flow incidence (0◦, 180◦, 90◦, 65◦) were considered in
the numerical simulations. Forces and force coefficients calculated by the numerical code
after a direct integration of pressures on the affected surface have shown a strong de-
pendence on the flow regime, confirming the high relevance of the Froude number. The
comparison between numerical results and experimental data have shown a relatively
good agreement despite the simplifications of the numerical model. For the people, four
human subjects and a human scale model were considered in the numerical simulations.
Forces and forces coefficients calculated from the simulations allowed identifying the two
motion mechanisms described in the literature and the two most relevant dimensionless
parameters, namely Froude number and relative submergence. The evaluation of the
forces also quantitatively demonstrates the importance of the ability of people to react to
instability adjusting the body position, which of course cannot be achieved by a human
model. The comparison between experiments and numerical model showed generally a
relatively good agreement and even a better performance of the CFD model, when con-
sidering only the results on human subjects. Since the numerical model confirmed the
absence of scale effects, it allowed extending the use of the mobility parameters to field
scale. Two case studies have been shown: Ajaccio (France) and Genova (Italy). Haz-
ard criteria have been developed and applied to the existing inundation maps. For the
case study of Genova, a partial verification of the hazard maps was possible through the
comparison with the picture taken during the 2014 flood event. The agreement between
hazard maps and pictures is very promising for the applications to further case studies
where more quantitative information and data are available for a final validation of the
approach.

7.3 Limitations of the results

The following limitations of this research study are particularly addressed below:

• Limitations of the mobility parameters for vehicles and pedestrians

• Limitations of the numerical model
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• Limitations of the applicability of the mobility parameters to urban flood scale

The mobility parameters for both vehicles and people have been introduced to overcome
the scatter of dimensional datasets, thus they rely on some crucial parameters of the mov-
able bodies. The mobility parameter for vehicles is sensitive to the elevation of the chas-
sis of the car, which composes the shape factor of the parameter. The numerical model
showed that assuming the car as a rigid body may lead to some errors in the determina-
tion of the instability conditions since a vehicle can move vertically due to the presence
of the suspensions. The effect of the variability of the chassis elevation should be fur-
ther investigated both in the dimensional analysis and in the numerical simulations. The
mobility parameter for people depends on the length of the foot of the subjects, which
is a very sensitive parameter. The length of the foot is usually derived from standard
ratios with respect to the height of the subject. However, this parameter, assumed equal
to the lever arm of resisting forces, can vary according to the displacement of the center
of mass of the human body, which usually tends to resist against flow destabilization. A
proper account for the changes of the posture depending on the flow would also requires
a consideration of the psychological and physical reactions of the subjects. Regarding
numerical modelling, the main limitations reside in the simplifications in the model and
in the model set up without consideration of a finer mesh, local turbulence effects and
actual detailed geometry of the semi-submerged bodies. In fact, it was not the inten-
tion of this research to investigate local small-scale turbulent effects, the objectives of the
numerical simulations were mostly the identification of the most relevant dimensionless
parameters and scaling numbers associated with the mean flow for which experimental
data for validation are available from previous studies. Further studies could properly
investigate the flow around vehicles/people with a very fine mesh capable of captur-
ing small-scale phenomena. This would consequently require more computational re-
sources. Also an appropriate selection of a turbulence model would require some adhoc
experimental studies to record water depths and velocities in a laboratory flume in order
to carry out a calibration/validation study. Finally, different vehicles models should be
studied. In fact, the results of the forces evaluation for a Ford Focus do not apply to other
types of vehicle, which can differ in shape and elevation of the chassis. Similarly, for peo-
ple the effect of further parameters on the forces, such as body type and build, clothing,
posture etc., should also be investigated. The reliability of the flood hazard maps gener-
ated in the two case studies is affected by the type of the inundation model used. As the
focus was put on the mean flow to map the water depths and the mean flow velocities
over large flood prone areas, the state of the art model TELEMAC-2D was selected as the
most appropriate available open source code for this purpose. As expected and as finally
shown in chapter 6, many local effects, which may affect the results, can neither be cap-
tured by the available inundation models as the latter generally focus on the mean flow
over larger areas nor can they be accounted for by the proposed hazard criteria which are
solely based on mean flow parameters. Among these non-considered effects, there are lo-
cal turbulent flow effects and the effect of natural or man-made obstacles in urban areas,
which deeply affect the flow field and are usually not properly considered in large-scale
urban flood models. The velocity profile in a real urban flood would not be as regular as
in TELEMAC-2D, which is based on 2D depth averaged equations. Moreover, the hazard
criteria do not account for congested conditions and hiding effects due to the presence of
many cars parked in the streets.
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7.4 Outlook

The mobility parameters for vehicles and people have proved to be a valuable tool for
hazard mapping, overcoming the scatter of existing experimental datasets. The numer-
ical model, although simplified, clarified the role of the mean flow regime in the mech-
anisms of incipient motion. Future studies could deepen and extend the numerical part
of the work by considering the effects of more refined turbulence approaches. Numer-
ical simulations representing the car/person as a six degrees of freedom movable body
could also be very interesting in order to dynamically model at the urban scale the vehi-
cles entrainment. On the side of social and communication sciences, the work could be
extended in order to develop safety manuals providing behavioural rules and possibly
designing traffic signs and emergency protocols. Finally, borrowing the widely used def-
inition of flood risk as product of hazard, vulnerability and exposure, a risk assessment
methodology for street networks could be introduced, based on hazard maps for vehicles
and people generated for different flood scenarios.
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