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Abstract
The simulation of floods in urban areas is fundamental to evaluate the risks or to draw
emergency plans. However, it is a difficult task because of the complexity of the flow through
such a media, and because of the scale of the problem.
Flood modeling in a usual application of depth-averaged shallow water models. Customarily,
one- and two dimensional depth-averaged models have been applied in order to evaluate the
extent of floods in rivers and coastal regions. More recently two dimensional shallow water
models have started to be used in the modeling of urban floods, and application that involves
rather complex geometries, including small-scale obstructions of different shapes and sizes.
There are different approaches to the modeling of urban floods in 2D more or less simplified:
the resolved, the increased roughness and the porosity approach.
The resolved-detailed approach solves the shallow water equations (SWE) on a fine mesh
that represents any detail of the street network. A simplified approach solves, on a coarse
mesh, SWE with porosity terms that represent the water storage and conveyance reduction
of the urban area, and the last simplified approach, the increased roughness, still solving
SWE on a coarse mesh, represents the urban area as an area with high roughness.
According to Velickovic et al (2010), the shallow water model with porosity is an attractive
and efficient way to simulate inundations in valleys with urbanized areas. Indeed, at a very
large scale, an urbanized area can be compared to a porous media, for which the porosity
parameter is the ratio between space available for the flow and the total area.
In this work, the shallow water equations with porosity are implemented in the software Iber,
according to the numerical discretization presented by Cea et al (2010). Several numerical
test cases are used in order to verify the properties of the discretization scheme, following
the work of Cea et al (2010) and Soares-Frazão et al (2011), with rather satisfactory results.
Moreover, a sensitivity test is carried out to identify the influences of the porosity parameters
in the results, which identifies the porosity parameter as the most influential one.
Finally, the three modeling approaches are applied to a case study situated in Encamp
(Andorra) and compared, following the work of Petaccia et al (2010) and Yu et al (2011).
Another sensitivity test is carried out due to the scarce calibration data and to verify the
results of the other one. The overall conclusion is that the spacial resolution has a greater
effect than any calibration parameter, therefore the results of both simplified approaches are
far from the resolved approach in terms of water surface elevation. Nevertheless, the
increased roughness approach seems to adjust better the water levels and it’s easy to
adjust. On the contrary, the porosity pre-processing and calibration is more complex due to
the higher number of parameters and its uncertain physical meaning in a real case study.
The last conclusion is that the porosity model should be improved.

Keywords: urban floods, porosity, shallow water equations, finite-volume method, equivalent
roughness, resolved approach
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Resumen
La simulación de inundaciones en áreas urbanas es fundamental para evaluar los riesgos o
para desarrollar planes de emergencia. Sin embargo, es una tarea difícil debido a la
complejidad del flujo a través ese medio en concreto, y también por la escala del problema.
La modelación de inundaciones es una aplicacion usual de los modelos de ecuaciones en
aguas someras. Tradicionalmente, modelos en una y dos dimensiones han sido aplicados
para evaluar la extensión de las inundaciones en ríos y regiones costeras. Más
recientemente, modelos en dos dimensiones en aguas someras han empezado a utilizarse
en la modelación de inundaciones urbanas, una aplicación que implica geometrías bastante
complejas, incluyendo obstrucciones a pequeña escala de diferentes tamaños y formas. Hay
diferentes enfoques para modelar inundaciones en zonas urbanas más o menos
simplificados: con los edificios, aumentando el coeficiente de rugosidad y con porosidad.
El enfoque considerando la geometría detallada de los edificios resuelve las ecuaciones en
aguas someras en una malla fina, que representa cualquier detalle de la red de calles. Un
enfoque simplificado resuelve, en una malla gruesa, las mismas equaciones pero añadiendo
términos con porosidad que representan la reducción en almacenamiento y transmisividad
del área urbana. El otro enfoque simplificado, el aumento de la rugosidad, que sigue
resolviendo las equaciones en aguas someras en una malla gruesa, representa el área
urbana con una rugosidad alta equivalente.
Según Velickovic et al (2010), el modelo en aguas someras con porosidad es una manera
eficiente y atractiva para simular inundaciones en valles con áreas urbanas. Efectivamente,
a gran escala, una área urbanizada puede ser comparada con un medio poroso, para la cual
el parámetro de porosidad es un ratio entre el espacio disponible para el flujo y el área total.
En este trabajo, las ecuaciones en aguas someras con porosidad son implementadas en el
software Iber, siguiendo la discretización numérica presentada por Cea et al (2010). Varios
ejemplos numéricos se usan para verificar las propiedades de dicho esquema de
discretización, siguiendo los trabajos de Cea et al (2010) y Soares-Frazão et al (2011), con
resultados bastante satisfactorios. Además, un test de sensibilidad se ha llevado a cabo
para identificar las influencias de los parámetros de la porosidad en los resultados, que
identifican a la porosidad como el parámetro más influyente.
Finalmente, los tres enfoques de modelación se aplican a un caso real situado en Encamp
(Andorra) y comparan, siguiendo los trabajos de Petaccia et al (2010) y Yu et al (2011). Otro
estudio de sensitividad es llevado a cabo debido a la falta de datos de calibración, y para
verificar los resultados previos. La conclusión general es que la resolución espacial tiene un
mayor efecto que cualquier otro parámetro de calibración, por eso los resultados de los dos
enfoques simplificados están lejos del enfoque con edificios en términos de la cota del agua.
Sin embargo, el enfoque de la rugosidad aumentada parece ajustar mejor los niveles de
agua y es más fácil de ajustar. Además, el pre proceso y la calibración del modelo con
porosidad es más complejo debido al mayor número de parámetros y su incierto valor físico
en un caso real. La última conclusión es que el modelo con porosidad debería ser mejorado.

Palabras clave: inundaciones en zonas urbanas, porosidad, ecuaciones en aguas someras,
método de los volúmenes finitos, rugosidad equivalente, enfoque con edificios.
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1. Introduction and objectives
The simulation of floods in urban areas is fundamental to evaluate the risks or to draw emergency plans.
However, it is a difficult task because of the complexity of the flow through such a media, and because
of the scale of the problem.
Flood modeling in a usual application of depth‐averaged shallow water models. Customarily, one‐ and
two dimensional depth‐averaged models have been applied in order to evaluate the extent of floods in
rivers and coastal regions. More recently two dimensional shallow water models have started to be used
in the modeling of urban floods, and application that involves rather complex geometries, including
small‐scale obstructions of different shapes and sizes. There are different approaches to the modeling of
urban floods in 2D more or less simplified: the resolved, the increased roughness and the porosity
approach.
On the resolved (=building‐resolving) approach the exact geometry of these small‐scale obstructions, or
buildings, is considered in the model, requiring a rather fine mesh resolution in order to resolve
accurately the velocity and the water depth fields around them. This situation might make computation
expensive when the size of the domain being modeled is large compared with the extent of the
buildings. Expense comes in form of longer simulation times, or the allocation of powerful computers
(parallel computing being the most scalable way to increase computational power). The characteristic
size of the significant details of the urban tissue ranges from 0,1 to 10m, while it ranges from 1 to 100 in
a medium‐size to large floodplain. Consequently, taking into account the detailed geometry of urban
areas in a two dimensional floodplain is extremely difficult or impossible. In such cases where the
domain of calculation is very large, a very fine mesh would be required in the urban region due to the
Courant condition. This is a necessary condition for convergence that arises when explicit time‐marching
schemes are used for the numerical solution of PDEs. As a consequence, the time step must be less than
a certain value depending on the cell size; otherwise the simulation will produce incorrect results.
Finite volume methods are well adapted to modeling flooding on unstructured meshes and they usually
have explicit time marching. Therefore, in these models the maximum time step in order to have a
numerically stable solution would be very restricted due to the small size of the mesh elements in the
urbanized area, combined with high local velocities around the buildings. For that reason, the use of
refined meshes is not justified unless we are interested in the details of the velocity and water depth
fields inside the urbanized area. Indeed, simulating the flow in details in each street would be tedious or
even impossible due to lack of data. On the other hand, it is important to take into account the effects of
the obstructions in the flow field, because they reduce both the available storage volume and the
effective cross section for the water to flow. That is why in the last decade, 2D simplified models were
developed to overcome this difficulty, which they use a less refined mesh, and where the buildings are
not explicitly included in the mesh but their “subgrid‐scale” effect on the resolved flow is represented
using a macroscopic model.
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A possible way to account in a macroscopic manner for the effects of non‐resolved obstructions in
depth‐averaged models, is to increase the Manning’s roughness coefficient in the urban areas of the
model, to represent the higher friction losses.
Another possibility, quite recent, is to include an effective porosity parameter in the shallow water
equations, as well as two additional source terms into the momentum equations, which contain several
parameters. This approach has been developed in the last years.

1.1. Objectives
In the present work, the shallow water equations with porosity will be implemented in the modeling
software IBER. They will be applied to several test cases to compare the results with those of the
resolved approach to verify the correctness of the implementation. Then, a sensitivity study will be
carried on also to identify the qualitative and quantitative influence of each parameter.
Once I have verified the porosity implementation, the three approaches to flood modeling in urban
areas (resolved, roughness and porosity) will be applied to a case study in Andorra. Firstly, the models
will be set up obtaining the different parameters from a detailed study of the area, and after, the
different meshes will be built. The resolved model will have a fine mesh that represents details of the
street network, and the roughness model will have a coarse mesh as well as the porosity model. Then
the simulations will be run in IBER and also a sensitivity study will be made. The latter will also be used
to quantify uncertainty due to the scarcity of calibration data. The effect of the mesh resolution in the
results will be also studied.

Note: All the graphics included in this thesis have been elaborated by me.
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2. Numerical Modeling
2.1. Introduction
The numerical modeling of rivers is a computational tool to study the water depths and velocities
over time for the solution of fluvial dynamics and engineering problems as:





Delimitation of flood zones
Design of protection works and channels and river restoration
Dam break emergency
Optimization of hydraulic works

There are several levels of approximation to the modeling: 1D, Quasi 2D, 2D and 3D. The simplest
models are those in 1D, therefore they are more economical in terms of time or computational
resources. However, they have less precision in general. On the contrary, the 3D models are the
most complete and precise but they are computationally expensive. Each of the levels is appropriate
for a different kind of problem:


1D Approximation:
A case where we should use a 1D approximation is long stretches of rivers or channels. A 1D
model takes cross sections to describe the geometry of the channel and streamlines of flow
are considered to intersect the cross sections at right angles. In reality this is not correct, as
generally there is velocity both in parallel as well as perpendicular to the centerline of the
stream. Therefore this approximation can be inconvenient. Another important assumption
that is sometimes violated is that the water level in the cross sections is always constant.



Quasi 2D Approximation:
This approximation uses simplified discretization of the flood plain into large compartments,
applying mass conservation exactly and a weir‐type equation between the compartments.
Each compartment has a unique water level. This approach requires a lot of preprocessing
to get the geometry ready with all the compartments. It can be used in rivers with well‐
defined overflow lines (levees, embankments).

Figure 1: quasi 2D approximation model
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2D Approximation:
This approximation implies, as it has been pointed out before, a higher computational cost
than 1D, and a need for a more detailed geometry of the flood plain besides that of the river
bed. Usually this approximation is used in the modeling of estuaries, short river reaches,
overbank flow, hydraulic works or flood plain inundation. The strength of this approximation
is that it describes horizontal variability of the parameters and solution directly, especially in
the case of flood plain modeling. No “a priori” assumptions about flow directions are
needed. That is why in this study a 2D approximation is used.



3D Approximation:
The higher costs of this approximation limit its use to localized cases, as local flow, outlets or
bridge piles. In these cases where turbulence is more important, the flow and the velocity
have non‐negligible components in the three directions.



1D‐2D Approximation:
A hydraulic simulation that integrates the resolution of Saint Venant equations one‐
dimensionally and two‐dimensionally in a unique model, has the purpose to make the most
of the two approaches, and is especially useful in flood modeling. This is because the
calculations can be faster on the zones that they only need a 1D approximation as certain
reaches, but if it is necessary a 2D approximation it can be used, as in the flood plain.

2.2. Saint Venant equations in 2D
The two dimensional depth averaged shallow water equations (2D‐SWE), or the free surface flow
equations, are obtained after vertical integration over the water depth of the 3D Reynolds averaged
Navier‐Stokes equations. The 2D‐SWE assume a hydrostatic pressure distribution over the water
depth.
Let’s first see the Navier‐Stokes equations. These describe the motion of fluid substances, and are
valid for Newtonian and isotropic fluids. These equations arise from applying Newton's second law
to fluid motion, together with the assumption that the fluid stress is the sum of a diffusing viscous
term (proportional to the gradient of velocity), plus a pressure term.
In Reynolds averaged Navier Stokes (RANS) models, to include the effects of turbulence, the Navier‐
Stokes equations are averaged over time, and the Reynolds equations are obtained. These

Comparison of several procedures for modeling floodplain flow in urban areas

Page 5

equations can be used with approximations based on knowledge of the properties of flow
turbulence, to give approximate time‐averaged solutions to the Navier–Stokes equations.
The last step is to integrate the RANS equations over the water depth to obtain depth averaged
variables, and the results are the Saint Venant equations (also called shallow water equations) in 2D.
The fundamental hypothesis of the Saint Venant equations in 2D is the hydrostatic distribution of
pressures, i.e. vertical velocities and accelerations are neglected. Also, the following are assumed:






Uniform distribution of the velocity over the depth.
Fixed bed
Wind forcing is negligible,
Forces due to Earth’s rotation (Coriolis force) is negligible,
Effective stresses (viscosity + turbulence) in the vertical plane are negligible,

we obtain the next simplified equations in conservative form:
Mass conservation

0

2.1

Momentum
2.2
2.3
Where h is the water depth, u and v the velocities of the flow in each direction, g the gravity and S0
the bed slope and Sf the friction slope (estimated here by the Manning formula). The equations can
,
, being
the specific
be written in vectorial form, taking into account that
discharge:

0
;

;
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The Manning formula specifies the friction slope as a function of the Manning roughness n as:
√
/

;

√
/

2.5

To solve this PDE system, which is hyperbolic and non linear, we also make use the theory of
characteristics when imposing the number of boundary conditions needed for the calculations.

2.3. Numerical schemes in 2D
In the past section the equations have been presented in the Conservative form but they can be
presented also in a Non‐conservative form. Depending on which form we can use the following
numerical schemes:


Classical schemes (usually using the non conservative form)
‐ Method of characteristics
‐ Finite differences:
Implicit (ADI)
Explicit (Mac Cormack 2D)




Finite volume schemes (usually using the conservative form)
Finite elements

The principle of Finite‐difference methods is to approximate the derivatives in the partial diﬀerential
equation by linear combinations of function values at the grid or mesh points.
One important remark to make is that with finite differences we have to use a regular mesh, which
can be very inconvenient. On the other hand, with Finite elements or volume, we can use a non
structured mesh, which is very well suited for the current work.

Figure 2: regular and non‐structured meshes
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ADI schemes (Alternating Direction Implicit) are used in well‐know software like SOBEK or MIKE‐21.
Besides that a regular mesh has to be used, they have other drawbacks. For example they have to
use slow flows and soft hydrographs, so they are not appropriate for debris flows. Also, they have
conservation issues. Nevertheless, they are fast to calculate because they are implicit and therefore
not bound by a stability limit to the timestep.
Finite element schemes are complex and numerically expensive, need stabilization parameters and
also have issues with mass conservation and convergence. Nevertheless, accurate, stable and not so
expensive finite element solvers can be constructed for flood flows.
The classical numerical schemes in 2D suffer the same problems as in 1D when discontinuities in the
solution appear, therefore in the last years have been developed certain two‐dimensional schemes
of high resolution to cope with this, like Finite Volume.
The relatively new Finite Volume solvers are algorithmically less complex than finite element
solvers. They are usually conservative and can capture shocks and transcritical flows like dam breaks
for example. Nevertheless, most finite volume schemes are explicit, subject to the Courant condition
that restricts the time step.

2.4. Finite Volume method in 2D
Appling the Finite Volume method, in the two‐dimensional case, the physical domain is horizontally
decomposed into polygons, that are the control volumes or finite volumes. Each volume has a
surface and a perimeter. Therefore, in depth‐averaged 2D the volumes are not three‐dimensional,
but surfaces.
y
n i ,3

ni ,4

ni ,2

Vi

n i ,1
x

Figure 3: finite volume
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The first step of the method consists in integrating both sides of the vectorial equation and then
apply Gauss theorem:



V

Ut dV   FdV   HdV
V

V



V

Ut dV 



S

(F  n)ds   HdV
V

Then if we consider the average values it is obtained:

Ut 

1
(F  n)ds  H i
Vi  S

U in 1  U in

N

i
  t  (Fi*,w n i,w ) n li, w   tH in
Vi l 1
l
l
l

2.6

*

To make this last step we have defined a numerical flow tensor F which is the perpendicular flow to
S, the surface that envelopes V. This is why the integral that appears in the equation can be
approximated as the sum of the product of the tensor by the perpendicular vector to S. The ni,wl
vector is the exterior perpendicular to the wall wl of the element i and li,wl is its length. The number
of element is i and Ni the number of sides.
This equation means that the results obtained when solving it (U is the flow state vector that
contains: water depth h, and specific discharges qx and qy) are averaged in the element. Also that in
each element of the mesh (the finite volume) it is solved a 1D local Riemann problem. The solution
to the Riemann problem is obtained using an Approximate Riemann Solver like Roe, HLL or Osher.
As it has been said above, the Finite Volume scheme is subjected to the Courant condition. This is
due to its explicit time‐marching nature. The explicit schemes are the ones on which the calculation
of the variables on a given time tn+1 is made only with the values of the variables in the previous
instant tn, already known:

f i *1/ 2  f i *1/ 2 (uin l , uin , uin1 )

2.7

On the contrary, implicit schemes evaluate the variables in a given instant from some values in the
same given instant. That requires solving a system of equations on every time step.

f i * 1 / 2  f i * 1 / 2 ( u inl1 , u in  1 , u in11 , u in l , u in , u in 1 )

2.8

The explicit schemes have a small computational cost on each time step, but to be stable they need
time increments also small, so they are often slower. From the characteristics theory, to be stable
they have to comply with the Courant condition, which for one‐dimensional equations is:
Comparison of several procedures for modeling floodplain flow in urban areas
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t 

x
uc

c  gh

2.9

where u±c is the propagation velocity of the wave.
For a discretization with finite volumes in 2D, and with the previous notation:



 t  m in 
i ,l






2
2
u v c 

l i , wl

2

2.10

Therefore, when there are high water depths or velocities, or small elements, a small time step has
to be used.

2.5. Modeling of unsteady motions
For the study of the water levels and velocities on rivers, the approximation that has been more
used is one‐dimensional flow and gradually varied steady state. Even today is the most used
methodology, for example because of lack of information for the complete hydrographs in the
boundary conditions. This approach will take more computational cost (in 2D) or less precision of
the solution in flow regime changes (in 1D). Nevertheless, the time dependence is very important
for different kind of problems:





Risk associated to flooding time
Overflow of the main bed
Dam break
Storage in retention reservoirs

Since this is a flood study, an unsteady simulation is needed to identify the range of the flood. The
spatial variability is divided into gradually or rapidly varied flows. In unsteady simulations the
energy losses are still represented by the same equations as in steady state.
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3. About Iber
3.1. Presentation
Iber is a numerical model for simulating turbulent free surface unsteady flow and environmental
processes in river hydraulics. It includes a user‐friendly interface (pre and post process) with GID
(developed by CIMNE) and GIS integration. The ranges of application of Iber cover river
hydrodynamics, dam‐break simulation, flood zones evaluation, sediment transport calculation and
wave flow in estuaries.
At this moment Iber has 3 main computational modules: a hydrodynamic module, a turbulence
module and a sediment transport module. All of them work in a finite volume non‐structured mesh
made up of triangle or quadrilateral elements. In the hydrodynamic module, which constitutes the
base of Iber, the depth averaged two‐dimensional shallow water equations are solved (2D Saint‐
Venant Equations). The turbulent module allows including turbulent stresses in the hydrodynamic
calculation, in this way allowing its use for different turbulent models for shallow waters at different
degrees of complexity. The most recent version of Iber also includes a parabolic model, a mixing
length model and a k‐ε model. The sediment transport module solves the bedload and the turbulent
suspended load transport equations, based on the sediment mass balance evolution at the bed.

3.2. Hydrodinamic Module
The hydrodynamic module solves the depth averaged Shallow Water Equations (2D‐SWE), also
known as the two‐dimensional St. Venant Equations. These equations consider a hydrostatic
pressure distribution and a relatively uniform distribution of the depth velocity. The hydrostatic
pressure hypothesis reasonably complies in river flows and estuary wave currents. Likewise, the
hypothesis of uniform depth velocity distribution usually complies in rivers and estuaries, even
though there may be zones in which this requirement is not fulfilled due to local three‐dimensional
flows or saline wedges. In these cases it is necessary to study the extension of these zones and its
possible repercussion in the model results. At this moment, the numerical models based on the 2D‐
SWE are widely used in coastal and river dynamics studies, flood zones evaluation and sediment and
contamination transport calculations.

3.2.1. Hydrodynamic Equations
The hydrodynamic module solves the conservation of mass and momentum equations in the two
horizontal directions:
3.1
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,

,

2
,

,

2

2Ω
2Ω

where h is depth, Ux, Uy are the depth averaged horizontal velocities, g is the gravity acceleration, Zs
is the free layer elevation, τs is the free surface friction due to wind induced friction, τb is the bed
friction, ρ is the water density, Ω is the earth’s rotation angular velocity, λ is the latitude of the
,
,
are the effective horizontal tangential stresses, and Ms, Mx, My are
studied point,
respectively the terms of mass source/drain and momentum, which are used to model precipitation,
infiltration and drainage.
The following terms are included in the hydrodynamic equations:






Viscous and Turbulent tangential stresses
Bed Friction
Superficial friction due to wind
Rainfall (Precipitation)
Infiltration

Likewise, wet/dry fronts, both stationary and non‐stationary, that may appear in the area of study
are modeled. These fronts are fundamental in the fluvial and coastal flood zones modeling (rivers
and estuaries). In this way the possibility to evaluate the extension of flood zones in rivers is
introduced, as is the movement of wave fronts in estuaries and coastal zones.

3.2.2. Bed friction
The bed wields a friction force over the fluid that is equivalent to the friction with a wall, even
though, in general the bed’s roughness has a greater value in the case of rivers and estuaries.
Bed friction has a double effect on the flow equations. On one side it produces a friction force that
opposes the mean velocity, and on the other side, it produces turbulence. Both effects can be
characterized by the friction velocity uf, which is a form of expressing the bed’s tangential stress in
velocity units:
3.2
where τb is the bed friction force module and ρ is the water density.
In depth averaged models it’s not possible to calculate friction velocity by means of standard wall
functions, as it is done in wall type boundaries, because these equations are solved in a vertical
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direction. This means that it’s necessary to relate friction velocity uf with depth averaged velocity by
means of a friction coefficient. The bed stress can be expressed as:
| |

3.3

where Cf is the bed friction coefficient. There are different expressions to approximate this
coefficient. The majority assume uniform flow on a channel with a logarithmic profile of velocities in
deep.
Unlike 1D models, in 2D models the hydraulic radius is not defined as the wet section area over the
wet perimeter, since in 2D models it makes no sense to define a transversal section. Taking a column
of fluid of length Δx and depth h, the hydraulic radius would be calculated as:
∆
∆

3.4

meaning that in 2D models hydraulic radius and depth are equivalent.
The bed friction is evaluated using the Manning formula, which uses the Manning n coefficient as
parameter. The Manning formula uses the following roughness coefficient:

/

3.5

3.2.3. Superficial Friction due to Wind
The friction force due to wind over the free surface can be calculated considering the wind velocity
at 10 meters height and a dragging coefficient, using the Van Dorn equation (Van Dorn, 1953):
3.6
Where ρ is the water density, V10 is the wind velocity at 10 meters height and Cvd is the surface drag
coefficient. By default a drag coefficient of Cvd =2.5 10‐6 is considered.

3.2.4. Effective stresses
The horizontal effective stresses that appear in the hydrodynamic equations include the effects of
the viscous stresses, of the turbulent stresses and the dispersion terms due to the non‐homogeneity
of the depth velocity profile.
3.7
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Where

are the viscous stresses,

are the turbulent stresses (also called the Reynolds

stresses), and Dij are the lateral dispersion terms.
The dispersion terms are not considered in the 2D‐SWE equations (remember the hypothesis of
uniform depth velocity profile), because it is impossible to calculate them in a general way with a
depth averaged model. Their importance will be greater as less uniform is the depth velocity profile.
A typical situation in which these terms can gain importance is in channels with elbows or small
curvature radius, like in confluence channels.
In general, the order of magnitude of the viscous stresses is much lower than the rest of the terms
that appear in the hydrodynamic equations, except near the walls and in laminar flow. The turbulent
stresses are much larger in magnitude than the viscous stresses, especially in recirculation zones,
where turbulence production is elevated. To calculate the turbulent stresses normally it is used the
turbulent viscosity, which is calculated with a turbulence model. The Boussinesq formulation to
calculate the turbulent viscosity is used by all turbulence modules in Iber.

3.2.5. Hydrodynamic boundary Conditions
In a two‐dimensional problem it is necessary to distinguish two types of boundaries: open and
closed. The closed boundaries, also called wall‐type boundaries, are water‐resistant, meaning that
they don’t allow water through them.

Closed Boundaries
The presence of a wall‐type boundary generates a lateral friction force in the fluid in a similar
fashion than the friction exerted by the bed’s roughness. At a closed boundary the following
conditions can be used: Slip condition (null tangential stress) and Wall friction Condition (wall
functions).

Open Boundaries
In open boundaries, different types of boundary conditions can be introduced. So that the 2D‐SWE
equations are correctly presented from a mathematical point of view, the number of conditions to
use in the open boundaries will depend if the boundary is an inlet or an outlet, it will also depend on
the type of regime at the boundary (fast/slow). In an inlet boundary it is necessary to introduce 3
boundary conditions if the regime is supercritical (one for each of the 3 St. Venant equations), while
if the regime is subcritical, it is enough to present 2 conditions. In an outlet boundary, it is enough to
introduce a single condition if the regime is subcritical; meanwhile, it is not necessary to establish
any condition if the regime is supercritical. If fewer conditions than those necessary are introduced,
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from a mathematical point of view the equations will be undetermined and no correct solution will
be found. The conditions which can be entered are height, velocity components, or a combination of
both. In Iber different options are considered to introduce boundary conditions, as explained in the
following table:

It is common in river hydraulics for the flow to be in subcritical regime in the contours of the
modeled section. In this case, what is often done is to introduce free surface depth or water level in
the downstream boundary. In the upstream boundary the most common is to enter a total inflow (in
cubic meters per second m3/s) in the direction of the flow, which in general, lacking more precise
data, is assumed to be perpendicular to the inlet boundary. It is also possible to introduce upstream
velocities (in m/s) or specific flow (m2/s), though this occurs less often. In the case of total flow in
the inlet, a unit flow distribution (m2/s) is entered, according to the following expression:
/
/
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Where qn is the normal specific discharge (m3/s) at each point of the inlet, and Q is the total inlet
flow at mentioned boundary. The integral in the denominator is extended along the length of the
boundary.
Besides height, other possibilities can be considered at the outlet, such as weirs or rating curves.
However these won’t be used in this work.

3.2.6. Internal boundary conditions
The internal conditions are used to model hydraulic structures like gates, weirs or bridges which
change the conditions of the system. The internal boundary conditions implemented in Iber can be
used to model the following flow conditions: Flow below a gate, flow over a free falling weir, weir‐
Gate combination and local loss.

3.3. Numerical schemes
All the equations in Iber: the hydrodynamic equations (two‐dimensional shallow water equations),
the turbulence equations and sediment transport equations are solved using the finite volume
method. As said, the finite volume method is one of the most widely and commonly used in
computational fluid dynamics. In this section the numerical schemes used in Iber are briefly
described.
The characteristics of the used numerical schemes in all Iber modules are:











Finite Volume Schemes, considered in an integral and conservative way.
Non‐structured Mesh. Meshes made up of elements of 3 or 4 sides.
Able to solve unsteady flow (in subcritical, supercritical and variable regimes)
Able to solve gradually varied flow (moving hydraulic jumps, non‐stationary shock waves)
It solves the hydrodynamic equations using the upwind High Resolution extension of the
Roe schemes (higher order and non‐oscillatory)
Upwind treatment of the bed layer slope term.
Centred treatment of the other source terms
First and Second Order schemes in space.
Time explicit schemes
Non‐stationary wet‐dry fronts treatment using stable and conservative schemes
(conservation of mass).
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3.3.1. Calculation Mesh
To solve a differential equation using the finite volume method first is necessary to spatially
discretize the study domain. To do that, the study domain is divided in relatively small cells
(calculation mesh). Iber works with structured or non‐structured mesh of elements. Irregular
elements of 3 or 4 sides may be combined inside the same mesh.
A structured mesh is characterized by regular connectivity that can be expressed as a two or three
dimensional array. This restricts the element choices to quadrilaterals in 2D. The regularity of the
connectivity allows conserving space since neighborhood relationships are defined by the storage
arrangement.
An unstructured mesh is characterized by irregular connectivity, is not readily expressed as a two or
three dimensional array in computer memory. This allows for any possible element that a solver
might be able to use, in Iber only triangles and quadrilaterals. Compared to structured meshes, the
storage requirements for an unstructured mesh can be substantially larger since the neighborhood
connectivity must be explicitly stored.
The main advantage of working with non‐structured meshes is the ease of adaptation to any
geometry, since it is not necessary for the mesh to have any type of internal structure or
organization. This attribute makes them especially functional for river hydraulics.

3.3.2. Discretization in finite volumes for the 2DSWE Equations
For the discretization using the finite volume method, Iber Works with the two‐dimensional shallow
water equations written in a conservative vector form, as:
3.9

Where the conservative vector variable w and the vector flow terms Fx , Fy represent the following:

2
2
And the Gk terms represent the source terms included in the hydrodynamic equations. To make this
spatial discretization of the mass and momentum conservation equations with the finite volume
method, the integral of the differential equations is solved at each of the mesh’s cells.
Comparison of several procedures for modeling floodplain flow in urban areas

Page 17

This procedure is especially advantageous to solve the conservation equations, since the equations
are solved in an integral form, which allows formulating the conservative methods in a simple way.
The temporal and spatial discretization of the two‐dimensional shallow water equations in the
vertical form is expressed as:

,

∆

3.10

3.3.3. Discretization of the convective flux terms
To discretize the flux terms, the upwind Godunov type conservative schemes are used. The upwind
Roe scheme is implemented for a first and second order precision in space. In those zones with
recirculation flow or with large spatial gradients velocities it is not advisable to use the first order
scheme to solve the hydrodynamic equations, since it presents highly diffusive velocity fields.
A conservative formulation of the equations, solved with upwind Godunov type, provides a good
solution for transonic shocks, so it is a recommended method to model hydraulic jumps, dam breaks
or shock waves.
In the hydrodynamic equations discretization, the contour integral corresponding to the convective
flux terms is calculated based on a numerical flux function as:
∑

LR

L,

R,

3.11

In the hydrodynamic equations discretization, the contour integral corresponding to the convective
flux terms is calculated based on a numerical flux function as:
Where Φ is a numerical flux function defined for each edge LR, where L and R are the left and right
nodes of the corresponding edge.
First order upwind Roe scheme
Iber uses the upwind Roe scheme, which solves the numerical flux with the following expression:

LR

L

R

2

1
|J|
2
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J
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|J|

·
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Where ZL y ZR represent the flux normal to the contour at both sides of the LR edge. The matrix |J|LR
is the absolute value of the jacobian matrix of the flow Z, evaluated in the mean Roe state, defined
as:

=

·
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The eigenvalues λ and eigenvectors em of the jacobian matrix J, can be written as:
̃

̃
1

1

1
̃
̃
̃

̃
̃

̃

For its implementation in the numerical flux calculation in Iber, the difference in states (
decomposed to the left and right of the edge considering the vector base em:

̃

) is

3.13

Writing the numerical flux as:

LR

2

1
2
̃

3.14

The described scheme is of first order in space scheme. The upwind convective flux is equivalent
from a mathematical point of view to adding a diffusion term (which is generally called numerical or
artificial diffusion) with a diffusive (numerical) coefficient proportional to the mesh’s size. Which is
why it is convenient to use fine meshes to reduce the error introduced by this numerical diffusion, it
is also convenient to use higher order schemes.
Numerical Flux extension to second order
The scheme described is the first order scheme due to the introduced numerical diffusion at the
convective flux discretization. Despite it, this scheme is widely used as the default scheme in many
computational fluid dynamic schemes, due to its numerical stability. When more precision is
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required in a regular size mesh, it is necessary to appeal to higher order schemes. In Iber’s
hydrodynamic module, the order of precision can be increased through an extension of the second
order numerical flux and its TVD (Total Variation Diminishing) limitation.
Discretization of the bed slope source term
Iber uses a centred discretization of all the source terms except of the bed slope term. The main
cause of using an upwind discretization of the bed slope instead of a centred discretization is that it
calculates exactly the hydrostatic solution in an irregular bathymetry, this way avoiding spurious
oscillations in the free surface waters and in the velocities. These oscillations are in general small,
but they can become larger in magnitude in irregular bathymetry problems, such is the common
case in river and coastal hydraulics.
Whenever the upwind numerical schemes are used to discretize convective flow, the upwind
discretization of the bed slope provides has better properties and provides more precise results than
the classic centred schemes.
The used discretization of the bed slope source term in a finite volume Ci can be expressed as:

3.15
Where Sij is an upwind discretization of the bed slope source term in each edge of the considered
finite volume and is calculated as:

2

2

,

,

| |
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The same as in the convective flux, to implement this discretization in Iber, it is decomposed using
the vectors em as:

̃

3.17

3.3.4. Managing WetDry Fronts
Modeling flooding zones, as is the movement of wave fronts in estuaries and coastal zones is
fundamental in environmental hydraulics. In Iber wet‐dry fronts, both stationary and non‐stationary,
that may appear in the domain are modeled with a fixed finite volume mesh, allowing each element
to have water or not depending on the flow conditions. Among the volumes which do not have
water and those which do have, there is a dry‐wet front which is necessary to treat appropriately
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from a numerical point of view to avoid instabilities and non‐physical oscillations in the results. For
this wet‐dry front, either in a flood front or a wave front, there is a wet‐dry tolerance εwd, so if the
water depth is lower than εwd it is considered that the cell is dry and is not included in the
calculations. The wet‐dry tolerance can be changed to a value close to zero, even though in irregular
bathymetry problems, as is very usual in river an coastal hydraulics, it is advisable to use values in
the order of 1cm or 1mm to increase the stability of the results without spoiling their precision. In
any case, the water height is never forced to be equal to zero, with the purpose of avoiding mass
losses in the calculation domain. The numerical scheme used to solve the wet‐dry front is stable and
non‐diffusive.
The management the wet‐dry fronts in Iber is stable, conservative and non‐diffusive, meaning that
the fronts are adequately solved without instabilities of the numerical type, even when these occur
in strong bed slopes. Every finite element has an associated bed level. Schematically shown in Figure
below:

Figure 4: bed levels

Between two volumes with different bed level one of the following situations may occur, as
presented in Figure 5:

Figure 5: three different bed level situations

In the first figure both volumes have water, so no front is produced and thus no special treatment is
necessary. In the other two cases there is a wet‐dry front. The difference is that in the second case,
the free water level in the wet cell is higher than the bed level of the dry cell, while in the third case
it is lower. Only in the third case it is necessary to use a special treatment, which consists of
redefining the bed slope to impose a reflexive condition in the front. In this case the bed slope is
redefined as:
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∆
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3.18

The use of the mentioned conditions provides can reproduce the hydrostatic solution for any
bathymetry, without stretching the front and without generating any spurious oscillations in the
free surface. This type of wet‐dry front treatment has been successfully used in the modeling of
both stationary and non‐stationary processes, being particularly useful in the simulation of flood
zones in rivers and coastal zones, and in calculating the evolution of wave fronts.
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4. About Porosity

One of the approaches that will be used in this study is a two‐dimensional depth‐averaged model with
porosity. The equations used are similar to the classic shallow water equations, but include additional
terms to account for the effect of small‐scale impervious obstructions, like buildings, which are not
resolved by the numerical mesh because their size is smaller or similar to the average mesh size.
These smalls‐scale obstructions:




Diminish the available storage volume on a given region
Reduce the effective cross section for the water to flow
Increase the head losses due to additional drag forces and turbulence.

A possible way to account in a macroscopic manner for these effects of non‐resolved obstructions in
depth‐averaged models is to include an effective porosity parameter in the equations, as well as two
additional source terms:



One that accounts for the effects of porosity variations in space
another one that accounts for the additional drag generated by the non‐resolved
obstructions

Indeed, at a large scale, the urban fabric can be assimilated to a porous medium, in which the streets are
the pores, and the buildings the obstacles. As illustrated in the next figure, the medium is not
homogeneous and presents anisotropy, due to the presence of wide and long avenues that form
preferential paths for the flow.

Figure 6: urban tissue
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When applying this approach, of course, the buildings are not explicitly introduced in the computational
mesh, or in this case they are excluded from the geometry. Indeed, the simplified models consider the
urban district as a homogeneous field and being its global extent the only relevant length scale, the
urban district can be discretized by a coarse mesh.
Regarding to the unstructured finite volume discretization schemes of the new terms, it has to be done
carefully in order to guarantee the stability and conservation properties of the numerical scheme.
The 2D‐SWE equations with porosity can be written in conservative form as:
0

4.1

2
,

.

2

2
,

,

2

Where is the effective porosity, which represents the average ratio of the land area not covered by
buildings to the total urban area, and thus available for water storage and water flow in case of
inundation. This land area is then discretized in an arbitrary number of computational cells, each having
the same value of representative for the area. The parameter is hence not calculated for each cell
individually, and does not represent the actual portion of each single computational cell covered by
buildings. Indeed, such a definition would be in contradiction with the large approach adopted, because
it would require an accurate knowledge of the shape and size of each single building, to determine the
actual coverage in each computation cell.
is the bed elevation, ,
are the two horizontal components of the depth‐averaged velocity, h is
the water depth,
,
are the two horizontal components of the unit discharge, , ,
, are the two horizontal components of the bed friction stress,
, ,
, represent the additional
drag due to non‐resolved obstructions, is the water density, g is the gravity acceleration,
is the eddy viscosity, which must be computed with an
is the effective kinematic viscosity, and
appropriate depth‐averaged turbulence model. Actually, modeling the effects of turbulence with a
diffusive term inside the porous region loses its physical significance, as well as its relative importance in
the momentum equations, because the velocity gradients and turbulent eddies that generate the
turbulent stresses are not being resolved. Instead, a bulk velocity value is being computed in the porous
region and therefore, it does not make sense to compute the turbulent stresses with the Boussinesq
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assumption. In fact, the effects of turbulence in the porous region are included in the equations in the
additional drag source term . As a consequence, the turbulent diffusion terms only need to be
considered outside the porous region, where
1. It should be notices that the last two terms in the
horizontal momentum equations, the porosity variations and the additional drag source terms, are not
present in the classic depth‐averaged shallow water equations.
The additional drag source term can be evaluated following a classic head loss formulation for turbulent
flow. From dimensional analysis, the drag force per unit area generated by N obstacles each of them
with a horizontal surface S, lying inside a water layer of depth h and horizontal surface A, can be
expressed as:
1
2

,

| |

1
2

,

,

| |

4.2

Where
,
are the head loss coefficients in the two horizontal directions, | | is the modulus of the
depth‐averaged velocity,
,
are the projection length of the obstructions inside the urban region in
the x and y spatial directions, and A is the area of a region in which there are N obstructions, each of
them with an horizontal surface S. In this situation the surface porosity is given by

1

, and the

last equations can be rewritten as:
1
2

,

Where

,

and

,

| | 1

,

1
2

,

| | 1

,

4.3

are the characteristic length of the obstructions inside the urban region

,

in both horizontal directions. The main issue with the additional drag source term is the experimental
calibration of the head loss coefficients, which depend on the specific geometry configuration and shape
of the non‐resolved obstructions. From a numerical point of view its discretization is similar to the bed
friction source term. The bed friction stress is computed in this case with Manning’s formula:
,

| |
/

,

| |

,

4.4

/

Expanding the partial derivatives in the convective fluxes, the 2D‐SWE with porosity can also be written
in an alternative way as:
4.5
,

2
1

,
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,

2
1

,

These equations are very similar to the classic 2D‐SWE without porosity but with two additional source
terms on the right‐hand side of the equations which account for the additional drag and the porosity
variations, and which are given by:
0
1
1
| |
2

,

,

1

4.6

,

This way, the same numerical schemes can be used in the known terms, and just worry about the
discretization of the two additional porosity terms, which is the approach chosen in this work.
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5. Testing the porosity approach
A code adding the porosity terms to the equations has been implemented. Nevertheless, before
applying it to a real case, I have to verify it in less complex problems. The aim of the following test cases
is to compare the results given by the porosity and the resolved approaches in several idealized obstacle
configurations, shown below. The purpose here is to verify to what degree the porosity approach is able
to reproduce the results given by the resolved configurations. For that reason, the resolved approach is
used as the reference solution. These test cases have been obtained from reference Cea et al (2010).
All the configurations consist of a rectangular domain of 100m length and 50m width, with a bed slope
of 0.1% in the longitudinal direction. The Manning coefficient is n=0,05 sm‐1/3. In the middle of the
domain, in the region defined by
30,50 m and
15,35 m, there is a group of obstructions of
1

different sizes and shapes. The porosity of this region is defined as

, S being the horizontal

area of all the obstacles and A the area of the region including the obstacles (400 m2 in this case). In the
rest of the domain the porosity is 1. A total discharge of 50m3/s is imposed at the inlet boundary, and
the water depth is fixed to 1m at the outlet boundary. Owing to the relative small water depth and high
bed friction coefficient, head losses are mainly due to bed friction, hence horizontal turbulent stresses
have not been considered.
The coefficients used in the singular head losses source term are given with the following equation,
already previously discussed:
,

where

,

and

,

1
2

,

| | 1

,

,

1
2

,

| | 1

5.1

are the characteristic length of the obstructions inside the urban region

in both horizontal directions.
It has been already said that the principal issue with the additional drag source term is the experimental
and , which depend on the geometry and the shape of the
calibration of the head loss coefficients,
obstacles. In this case we will only calibrate one coefficient, , because they are the same. This
coefficient has been calibrated for each configuration in such a way that the total head loss from the
inlet boundary to the outlet boundary is approximately the same for both the resolved and the porosity
approaches. Determination of the drag coefficient a priori is difficult because it depends not only on the
specific shape of the obstacles, but also on their relative position. Nonetheless, it should be noticed that
used are in close agreement with the drag coefficients which can be found in the
the values of
literature for different body shapes and configuration. For example Hec‐Ras Hydraulic Reference
Manual states the following:
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Pier Shape

Drag coefficient CD

Circular Pier

1.20

Elongated Piers with semi‐circular
ends
Square nose piers

1.33

Triangular nose with 120 degrees
angle
Elliptical pier with 2:1 length to width

1.72

2.00

0.60

Table 1: drag coefficients according to Hec‐Ras manual

However, it is the ratio
each configuration.

/

,

which should be considered in order to evaluate the flow resistance of

In the next table we can see all these values for the different configurations:
Shape

Porosity

,

, ,

Configuration 1

Square

0,640

2.0

4.0

0.50

Configuration 2

Square

0,640

6.0

4.0

1.50

Configuration 3

Cylindrical

0,717

0.75

3.14

0.24

Table 2: configurations and their parameters

Configurations 1 and 3 have the lowest / , ratios, since the obstacles are not staggered. The
cylindrical shape is more hydrodynamic than the square shape and therefore, configuration 3 has a
lower drag coefficient than configuration 1. Configuration 2 has a much higher / , ratio, since the
obstacles are positioned in a staggered way, which produces more complex streamline patterns and
hence, higher losses.

Figure 7: configurations 1 and 2
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Figure 8: configuration 3 and porosity distribution

5.1. Configuration 1
Firstly, what I did is to draw the geometry in Iber with the coordinates (x,y,z) of each element. Then it
was created the rectangular NURBS surface, and made the holes of the obstacles on the surface.
Secondly, the boundary and initial conditions, and the roughness are imposed. Finally the mesh can be
created. It has to be a non‐structured mesh because of the holes occupied by the buildings, composed
of triangles or quadrilaterals. Iber has an option to generate the mesh by setting the size of the element,
in this case it was set to elements of 1m. The quadrilateral mesh consists of 5400 elements and the
triangular one 12000. The first figures show the meshes of the resolved approach and the porosity
approach. The porous region is made of a different surface to assign the porosity properties there. In the
following plots the axes labels are displayed in meters.

Figure 9: configuration 1 resolved approach mesh

Figure 10: porosity approach mesh with triangles
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The next mesh is made with quadrilaterals. The quality is not so good but as it will be seen later the
post‐processing is better in some cases than with triangles, therefore I will use this mesh later on. A
priori in this geometry the quadrilateral mesh should be better because the flow follows a straight line
along the center of the mesh elements. In the next chapter, with the Andorra test case, the necessity of
importing a mesh from different software will arise.

Figure 11: porosity approach mesh with quadrilaterals

After setting the simulated time to 600 seconds to give the model time to stabilize, and the time step to
1s, the simulation is ready in 4 wall clock minutes. Figure 12 shows the water surface elevation (WSE in
meters) field computed with the resolved and porosity approaches.

Figure 12: water surface elevations in the resolved and porosity approaches in Configuration 1
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On the next figure, which corresponds to the triangular mesh, it can be seen that the solution in the
wake of the buildings is not as good as with the quadrilateral mesh, although the elevations are
approximately the same.

Figure 13: water surface elevation with the porosity approach triangular mesh

To look at these elevations closer, a longitudinal water surface profile can be used:
1.4

y=30 Porosity Cx=2
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Figure 14: configuration 1 WSE profiles in y=30 m

Figure 15: configuration 1 WSE profiles in y=45 m
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These points y=30 m and y=45 m have been chosen to read the elevations in a corridor between rows of
buildings and outside the urban zone, but not too close, to see the remote influence of the porosity.
It can be seen on the graphs that there is a decent agreement between the two profiles, better in the
y=45 m case. The highest difference of elevations is 2cm (=10% of the total WSE difference) just
upstream of the porous zone, and little impact of porosity is seen downstream of the porous zone.
The field of the velocity magnitude is also very interesting to look at:

Figure 16: configuration 1 velocities in the porosity approach

Figure 17: configuration 1 velocities in the resolved approach

They show that the porosity approach is able to represent with a reasonable accuracy what happens
with the velocities outside the porous zone but the details within the porous zone are averaged out, as
expected from the macroscopic character of the porosity method. This velocity is material, which
opposite to the Darcy one represents the velocity that experiments the water traveling through the
area.
To see what happens in the boundaries of the urban area let’s recall the additional term in the
momentum equation with porosity, with the derivatives:
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If U and the porosity gradient are not perpendicular, then this term is activated. It may contribute with
positive or negative sign.
A priori this term can seem less important because the porosity derivatives are 0 everywhere except on
the boundaries of the porous zone. However, it has to be taken into account that on the boundaries
there are also velocities oblique to the boundary, because the flow is diverted from the porous area to
the area without porosity as the total resistance is lower there. It can be seen in the figures below:

Figure 18: configuration 1, velocity magnitude and vy

The existence of the derivatives plus the oblique velocities make this term more important. Since the
porosity derivative over x is negative in the first boundary (x=30 m) and the velocity in the x direction is
positive, the term will add to the water depth or the specific discharges.
The same happens with the y derivative: the porosity derivative over y is negative along y=35 m, and the
velocity in the y direction is positive as it is seen above, then the x term and y term add, and the increase
is higher in the water depth or the specific discharges. All can be seen here:

Figure 19: configuration 1, specific discharge qy

Comparison of several procedures for modeling floodplain flow in urban areas

Page 33

To conclude, it can be seen that the overall agreement between both approaches, resolved and
porosity, is quite satisfactory in terms of elevations and velocities (only outside the porosity zone, which
is what we are interested in), although the water surface elevation is slightly lower in the porosity
approach.
Comparing these results to the ones at Cea et al (2010), we can see that their model adjusts better
upstream of the porous zone, but worse inside, in both profiles y=30 m and y=45 m. The velocity field is
very similar.

5.2. Configuration 2
In this test case the buildings are laid out irregularly but the porosity approach will still have uniform
parameters. The effect of this irregularity will be studied. Firstly, the mesh, the water surface elevation
and its correspondent profiles are shown:

Figure 20: configuration 2 resolved approach mesh

Figure 21: configuration 2 resolved approach WSE
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Figure 22: configuration 2 porosity approach WSE
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Figure 23: configuration 2 WSE profiles in y=30 m
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Figure 24: configuration 2 WSE profiles in y=45 m
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What is new is this configuration is the staggered position of the obstacles, which produces higher
resistance. This is the reason why the WSE is lower in the porosity approach than in the resolved one.
Unexpectedly, it is better represented (a difference of 3 mm at x=0 m, a 2.3% of the total elevation) than
in Configuration 1 in spite of the asymmetry, because obviously the porosity cannot represent the
details of the buildings, and besides it is not the purpose. It is interesting to notice that the
approximation in y=45 m is better, because we are farther from the porous area. Nevertheless, the
velocity representation is equally good. As said, as the porosity is uniform and isotropic, is not able to
represent the internal irregularities of the configuration in WSE and velocities.

Figure 25: configuration 2 velocities resolved approach

Figure 26: configuration 2 velocities porosity approach

To conclude, also here an overall agreement between the approaches can be seen, although it is slightly
poorer in terms of velocities than in the first approach, possibly due to the asymmetry of the problem.
When compared these results to the Cea ones, I would say that there are equally good except
immediately downstream of the buildings, which my model doesn’t seem to adjust so well.
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5.3. Configuration 3
This is a regular layout of 3x3 cylinders. Firstly, it is shown the water surface elevation and its
correspondent profiles:

Figure 27: configuration 3 resolved mesh

Figure 28: configuration 3 WSE in resolved approach

Figure 29: configuration 3 WSE in porosity approach
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Figure 30: configuration 3 WSE profiles in y=30 m
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Figure 31: configuration 2 WSE profiles in y=45 m

The graphics show a decrease in the water elevations because the third configuration has the lowest
head loss coefficient. Consistently with the other configurations, the resolved profile presents a higher
water surface elevation by 2 to 3cm. Nevertheless, in y=45 the resolved profile is higher than in the
other configurations.
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Figure 32: configuration 3 velocities resolved approach

Figure 33: configuration 3 velocities porosity approach

As in Configuration 2, the velocity is quite well represented and the elevation not as good as in the first
configuration but better that in the second.
Compared to Cea et al, these results differ in the resolved approach, but the values of the porosity
approach are the same.

Comparison of several procedures for modeling floodplain flow in urban areas

Page 39

5.4. Overall Conclusions
After a calibration of the head loss coefficient, it has been verified that the porosity approach is able to
reproduce at macro‐scale the resolved simulation velocity and water surface elevation fields. The
differences between the approaches are no more than 3cm, which is not bad.
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6. Sensitivity analysis
The aim of this sensitivity study is to identify which parameters affect the solution and to what extent, in
terms of water elevations and velocities, and also to observe the behavior of the numerical scheme in
different conditions. To make this test the porosity parameters will be changed individually, disregarding
that they may be related to each other physically.
I do all sensitivity tests for Configuration 1 by Cea et al. (2010).

6.1. Porosity
The first parameter put to test is the porosity, because it’s the most significant. The values range from
76% of the porous area occupied by buildings (equal to a 0,24 porosity) to 26% (equal to a 0,84
porosity). The rest of the parameters will stay the same as in Configuration 1.
Porosity

,

[m]

,

Reference S0

0,640

2.0

4.0

0.50

S1

0,440

2.0

4.0

0.50

S2

0,840

2.0

4.0

0.50

S3

0,240

2.0

4.0

0.50

Table 3: changing porosity simulations and their parameters

The water surfaces elevation profiles are the following in y=30:
1.4
Porosity = 0.24

1.35

Porosity = 0.44

WSE (m)

1.3

Porosity = 0.64

1.25

Porosity = 0.84

1.2
1.15
1.1
1.05
1
0

25

50
x (m)

75

100

Figure 34: WSE profiles for several porosity values in y=30
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The graphic shows how the range of elevations rises when the porosity diminishes, and the surface
slope decreases, up to the point with porosity 0.84 when there are only minimal deviations in the
surface. This is because the resistance of the porous zone increases and the energy slope becomes
steeper. The jumps on the curves obviously correspond to the beginning and the end of the porous
zone, which is exactly where the resistance term containing the gradient of φ is activated.
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Figure 35: WSE profiles for several porosity values in y=45

In this y=45 graphic we can see that the effect is the same than in the previous one, moreover a porosity
equal to 0,84 means that there is almost no effect in the water elevations downstream of the porous
zone.

Figure 36: WSE figures for several porosity values, from left to right: 0.24,
0.44, 0.64 and 0.84
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In the previous figures it can be seen how the boundaries of the zone are more visible with less porosity,
because the jump in the elevations is more noticeable, also the elevation contours are less parallel due
to the increase in the friction.
The next graphic is especially interesting because it shows that the profiles (in y=30) have very different
ranges of velocity values. While porosities 0,24 and 0,44 are very close in values, from 0,44 to 0,64 there
is a very noticeable change, also in the shape of the curve.
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Figure 37: velocity profiles for several porosity values in y=30

Nevertheless, if we look at the y=45 the situation is very different:
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Figure 38: WSE profiles for several porosity values in y=45
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Due to the increase of the friction when the porosity diminishes, a higher portion of the discharge is
diverted to the sides, where there is no porosity, that is why profiles in y=45 are in decreasing order.
To try to explain what happens with the velocity, let’s first look at the water depths:
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Figure 39: water depth for several porosity values in y=30
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Figure 40: water depth profiles for several porosity values in y=45

They show that when the porosity diminishes, the water depth increases (and of course so does the
surface elevation). This produces a decrease in the discharge of the porous zone, but an increase in the
non porous zone:
Comparison of several procedures for modeling floodplain flow in urban areas

Page 44

1.2

Specific discharge (m2/s)

1
0.8
0.6
Porosity = 0,24
0.4

Porosity = 0,44
Porosity = 0,64

0.2

Porosity = 0,84
0
0

25

50
x (m)

75

100

Figure 41: specific discharge profiles for several porosity values in y=30
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Figure 42: specific discharge profiles for several porosity values in y=45

The specific discharge is divided in the following way, the majority corresponds to the x direction:
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Figure 43: specific discharge repartition in y=30
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Figure 44: specific discharge repartition in y=45

As the velocity is the result of the specific discharge over the water depth, looking at the previous
graphics it is clear why the velocity profiles have those values. In the profile of the velocities at y=30 m
we can see that the shape of the 0,64 and 0,84 curves is very similar to the ones in the specific discharge
chart. Then these discharges are divided over the water depth, which ranges from 1 to 1,2 m and has
little variation, so the resultant velocity profiles have more or less the same shape. In the other cases the
water depth range is higher, so it changes more the shape of the specific discharge profiles.
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6.2. Head Loss coefficient
The next parameter to study is the head loss coefficient Cx. This could correspond to different types of
obstacles but with the same area and projection length of the obstructions. The range of the coefficients
is from 0.5 to 8. The simulations made are the following:

Porosity

,

,

Reference S0

0,640

2.0

4.0

0.50

R1

0,640

1.0

4.0

0.25

R2

0,640

4.0

4.0

1.0

R3

0,640

6.0

4.0

1.50

R4

0,640

8.0

4.0

2.0

Table 4: changing head loss coefficients simulations and their parameters

The next figure shows the water surface elevation profile in all the cases:
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Figure 45: WSE profiles for different head loss coefficients in y=30

The shape of the curves is similar to the variations of porosity in the study above, because a higher
coefficient is higher friction and elevation. We can see that between 6 and 8 there is practically no
difference, which means that the upper limit of the head coefficient according to bibliography (6) is well
chosen.
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Figure 46: WSE profiles for different head loss coefficients in y=45

6.3. Length of the obstructions
In this last case the characteristic length of the obstructions will be modified. Since the porous zone
occupies 20x20m, the maximum value of Ls,x is 20m. However, this value doesn’t make sense without
modifying the porosity, because in these examples Ls,y=Ls,x, which means that there is only one
obstacle of 20x20m and therefore no porosity. The minimum value is set to 1m.

Porosity

,

,

Reference S0

0,640

2.0

4.0

0.50

T1

0,640

2.0

1.0

2.0

T2

0,640

2.0

10.0

0.2

T3

0,640

2.0

20.0

0.1

Table 5: changing length of the obstructions simulations and their parameters

Comparison of several procedures for modeling floodplain flow in urban areas

Page 48

These are the results in the water surface elevation:
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Figure 47: WSE profiles for different characteristic lengths in y=30

1.4
Lsx=1

1.35

Lsx=4

1.3

Lsx=10

WSE (m)

1.25

Lsx=20
1.2

1.15
1.1
1.05
1
0

25

50
x (m)

75

100

Figure 48: WSE profiles for different characteristic lenghts in y=45

It can be seen here that the difference in elevation between simulations and the shape of the curves is
practically the same as in the previous case. That is because the coefficient

,

is the same, for example

in simulations T1 (Lsx=1) and R4 (Cx=8), is equal to 2. This confirms what was said in chapter 4 about

,

being the important parameter to evaluate the friction of the model, therefore from now on it will be
the reference, not the separate parameters.
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6.4. Overall conclusion
With these tests we have seen that varying the porosity has the most intense effect on the profiles. Also,
that if we vary one of the other parameters the effect is practically the same regardless of the
parameter because the important parameter is the coefficient

,

. Increasing the length of the

obstacles, the drag coefficient or diminishing the porosity means an increase of the friction, which raises
the depth and water elevations, the discharge in the corridors and decreases it in the porous area. Since
the response to changing the various porosity model parameters is so similar, in real‐world cases it is
probably impossible to calibrate each parameter with high confidence using the sparse field data.

Comparison of several procedures for modeling floodplain flow in urban areas

Page 50

7. Case study
7.1. Introduction
The developing of a two‐dimensional model is considerably different to modeling in one‐dimension,
both in the treatment of the data, the discretization of the geometry, the assignment of boundary and
initial conditions, and the results obtained.
One of the key points of the modeling is generating the mesh, which discretizes the geometry. It can be
regular or irregular, structured or non‐structured. I will use the software SMS as a mesh builder since
Iber has some problems generating meshes, and then the mesh will be imported into Iber using a
Fortran script.
The mesh must adapt to the terrain in the best possible way, however the number of elements has to be
a compromise between the accuracy and computation speed.
After building the calculation mesh, the boundary and initial conditions have to be assigned. Iber’s
interface is very user‐friendly so this step is fast and accurate. The roughness can be assigned before or
after if it is distributed. In this case I won’t assign it through the interface, but in the simulation files by
converting “material” information from the SMS mesh.
The results of the two‐dimensional calculations are the values of the depth and the two components of
the velocity in both horizontal directions in every instant, on every element. From the results of depths
and velocities, a post‐process can be made to obtain another useful results as Froude number, sheer
stresses etc. The computations will be carried out on a powerful 8‐core Intel PC of BME Budapest
University of Technology and Economics, at the Department of Hydraulic and Water Resources
Engineering and on my home PC with a two‐core Intel CPU.
After testing the porosity scheme, it can be applied to the model of our case study in Andorra. As said in
the introduction, three approaches will be tested and their results compared: the resolved, the
Increased Manning coefficient and the porosity. As with the test cases, a sensitivity study will be carried
out to see how and how much changing the parameters influences the results.
The preceding paragraphs can be applied to any 2D purpose model, however, in the case of flood
modeling the quantity and quality of the data are even more important, thus calibration and validation
are necessary to create a reliable model of the area that can be used to predict its behavior in the event
of a flood. In this study calibration is not so important because there is little data (only a Flood‐hazard
study of Andorra by UPC, but not field data), therefore we won’t calibrate our models. Also, in real life
sometimes there is no time for calibration. Nevertheless we can make a sensitivity study to numerical
and physical parameters.
As an important numerical parameter, let’s consider mesh resolution. It is indeed interesting to know
how far are the results of the simplified coarse‐mesh models, with estimated parameters, from the
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resolved approach with the fine mesh that acts as a reference. All the models will have the same
roughness coefficients outside the urban area, so the only the different approaches to model the urban
area will influence the results and of course the resolution of the mesh.
To achieve the most accurate description in the model, therefore, a study of the case study area,
Encamp in Andorra, is needed to obtain all the parameters to set it up, which are the next headlands.
The following study was made for the Flood‐hazard analysis of the Principality of Andorra, made by
FLUMEN group in UPC University.

7.1.1. Andorra and its hydrographical net
Andorra is a small landlocked country in southwestern Europe, located in the
eastern Pyrenees mountains and bordered by Spain and France. It is the sixth smallest nation in
Europe having an area of 468 km2 and an estimated population of 84,082 in 2009. Its capital, Andorra la
Vella, is the highest capital city in Europe, at an elevation of 1,023 metres above sea level.
Andorra consists of seven communities known as parishes (Catalan: parròquies). These are Canillo,
Encamp, la Massana, Encamp, Andorra la Vella, Escaldes‐Engorday and Sant Julià de Lòria. Until
relatively recently, it had only six parishes; the seventh, Escaldes‐Engordany, was created in 1978.

Figure 49: administrative map of Andorra

Andorra is a prosperous country mainly because of its tourism industry (winter and summer resorts),
which services an estimated 10.2 million visitors annually, and also because of its status as a tax haven.
It is not a member of the European Union, but the euro is the de facto currency. The people of Andorra
have the 4th highest human life expectancy in the world, 82 years at birth.
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Andorra consists predominantly of rugged mountains, the highest being the Coma Pedrosa at 2,942
metres above sea level, and the average elevation of Andorra is 1,996 metres. These are dissected by
three narrow valleys in a Y shape that combine into one as the main stream, the Gran Valira river, leaves
the country for Spain.
The climate in Andorra varies greatly with elevation. The valleys have a climate that is similar to
the temperate climate of Andorra's neighbours, but because of the higher elevation, winters tend to be
more severe, the humidity lower, and summers slightly cooler. Regions above the Alpine tree line at
about 2,100–2,400 m have an alpine climate and alpine tundra. Snow completely covers the northern
valleys for several months. There are, on average, 300 days per year of sunshine. Average daily
peak insolation varies from 1150 W/m2 in June to 280 W/m2 in December. The average annual
temperature varies from 11 °C in Sant Julià de Lòria in the south, to 8 °C in La Massana in the centre, and
to 2 °C in Arcalis in the north.
Average annual precipitation is 1,071.9 mm for the whole country, but it varies across the country,
increasing with elevation and from south to north. The driest parish is Sant Julià de Lòria (800 mm per
year) in the south, and the wettest is Canillo (1,100 mm per year) in the north. Annual precipitation can
exceed 1,220 mm the highest mountainous areas. The driest months tend to be January and February,
and the wettest, May, June, and November. During the summer months, there are very few rainy days,
but the rainfall can be very heavy because it is associated with thunderstorms.
Hydrographically, the Principality of Andorra is composed by two main rivers: Valira del Nord i Valira
d’Orient. From the confluence of these two rivers in the town of Escaldes‐Engordany (1025masl) is
created the river Gran Valira. The river Gran Valira becomes the main river of Andorra, therefore,
through the downstream boundary, in the Spanish‐Andorrian border (829 masl), passes all the discharge
from Andorra’s basin. On this location the river transports the discharge of approximately 470 Km² of
basin.
The river Valira d’Orient, which is the river where our test case of Encamp is located, is the result of the
confluence of Pessons river and Colells river on the area of Grau Roig. The Pessons river is born on the
peaks of the Pessons Circ, over 2800 masl, and the Colells river on Colells Circ over 2700 masl. The river
Valira d’Orient flows along its valley from Grau Roig to Escaldes‐Engorday through Canillo and Encamp.
Among the most important tributaries we can outline river Incles, Coma, Urina, Pardines, Forn Aixec and
river Madrid, with is the largest affluent on the left bank.
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Figure 50: hydrographical net of Andorra, where the red dot is the case study location

7.1.2. Digital terrain model
Carrying out a hydraulic simulation adjusted to the reality up to the maximum is very important, and for
that purpose we need a very precise terrain topography for our work area. Due to this, the Government
of Andorra commissioned to the Institut Cartogràfic de Catalunya (ICC) the execution of a topographical
survey of the rivers and areas subject to flooding. The topographical information was obtained from a
LIDAR sensor, in a plane overflying the zone. This information was later used in the Hydrological study of
the basins of the Principality of Andorra (Estudi hidrològic de les conques del Principat d'Andorra, 2005).
The study was realized also by investigation group FLUMEN in UPC.
The Institut Cartogràfic de Catalunya delivered the Digital terrain models (MDT) and Digital surface
models (MDS) of the area. The minimal density is 1 point per square meter, which gives us a spatial
resolution of 0.5m. Nevertheless, for computational efficiency 1m will be used, taken into account that
is the resolution commonly used in these simulations.
These MDT presented some operative problems, so it was necessary to adapt, correct and complete
them to use them in hydraulic simulations. These works consisted mainly in removing the bridges and
correcting the walls and canals interpolations. Finally the topographical information under the water
was completed on some areas of the rivers were the the laser rays from the LIDAR flights had rebound
from the water surface without reaching the terrain. These restitutions and corrections were made
using data from the topographical surveys available on scale 1:500 and 1:1000.
The detection of the next batch of errors was carried away by proceeding to a first numerical simulation
with running water. At the points where the water had a strange behaviour like abnormal elevations or
inexplicable flooding, the topography was revised again. The final result was an up to date terrain model
with very high quality in relation to the digital terrain models normally used.
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7.1.3. Landuse information
The land use evaluation was carefully studied in order to assign the Manning roughness coefficient in
the simulation model. For the analysis of the roughness coefficients was used the map of soil coverages
of Andorra of year 2000, made by the Institut d’Estudis Andorrans. These maps compile in digital formal
the information related to the soil covers of the Principality of Andorra to scale 1/5000, based on areal
ortophotogrametry from year 1995 by the Government of Andorra.
The roughness coefficients were also obtained by direct observation of the river bed, channels and flood
plains in several field trips and bibliography.
Andorran vegetation is abundant and varied. In the sunnier parts and lower areas, up to 1200m, the
Mediterranean influence is dominant. At higher altitudes we find vegetation typical of mountain areas:
pine woods of Scots pine, oaks, birches, rhododendrons, hazelnuts, firs, etc. There are also pastures,
fields of corn and other crops. In the subalpine zone are large woods of black pine and fir, and highest of
all in the alpine zone are alpine meadows, thickets and screeds.
7.1.4. Discharge study
The flows used in the numerical simulation of the Flood Hazard study were obtained from the
Hydrological study of the basins of the Principality of Andorra (Estudi hidrològic de les conques del
Principat d'Andorra) of year 2005.
In this study, the Andorra basin was divided in 37 subcatchments, that we can see in the following map.
Later, a hydrological simulation was made using HEC‐HMS 3.3.1.

Figure 51: subcatchments of Andorra

The hydrological simulation was made from the topographical information on scale 1:5000, taked out
with Geo‐HMS. The simulation was realized with a project rain corresponding to a return time of 100
years and a length of 8 hours, obtained from the Central station of FEDA, considering the spatial
variability of the rain.
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Figure 52: Engolasters lake, where the central station of FEDA is located

To simulate the precipitation losses, the method Curve Number of SCS was used. The rainfall‐runoff
transformation method is the synthetic unitary hydrograph of SCS. The flow propagation was simulated
with the Muskingum method.
The parameters of the Curve Number (CN) were obtained using the methodology of the Instrucción
General de Carreteres (General Road Instruction), from the Spanish Public Works Ministry. This
methodology calculates the Curve Number from a combination of land‐use usage maps, the slope of the
terrain, and the soil type from the drainage characteristics, corrected by the average humidity of the
soil. This information was adjusted with a basin calibration by rain and flow data from the river Valira
measuring station in Seu d’Urgell.

Figure 53: Valira flow measuring station in la Seu d'Urgell

The K and X Muskingum coefficients were obtained by the calibration of these parameters for the
catchment. For the calibration and validation of the the hydrological model, was used selected storm
data, of flow and rain.
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7.1.5. Calculations metodology
One way to reduce the number of surfaces in the geometry of the area and therefore the calculation
time and the memory storage, is first make an initial simulation in permanent flux, with the goal to
identify the surfaces that will not be wet. These surfaces were deleted, reducing considerable the
number of surfaces initially existing. With this new geometry, narrower, the definite simulation was
carried on.
The reaches were divided according to the subcatchment of the hydrological model. This means that
every subcatchment belongs to a river stretch, the main reason is that we can use each subcatchment’s
hydrograph as the input hydrograph on the corresponding stretch.

7.1.6. Case Study: Encamp
Among all these stretches previously mentioned that were part of the study, it has been selected as a
case study for this work the one belonging to Encamp. Encamp is a small mountain town of 8800
inhabitants, located at 1200‐1300m above the sea level.

Figure 54: views of Encamp (Andorra)

The strech includes the simulation of the lower part of Aixec river and the corresponding strech of Valira
d’Orient river along Encamp town. The simulation begins on the coordinates (538536, 26844) at an
elevation of 1290.57masl and finishes on (536758, 25572) at 1193.51 masl, traveling 295 m on the river
Aixec and 2454 on the river Valira d’Orient.
The average slope is 0.0393, which is quite high compared to the slopes usually seen. On the reach the
river goes mainly along urban areas and along the town of Encamp itself. On the river strech we can find
9 bridges and footbridges.
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Figure 55: aerial view of Encamp

This stretch has been selected given that the only major urban center can be found here. The area was
extended downstream of the city. Therefore, when the porosity is applied to the urban area, the results
can be checked better and compared with the other approaches in the wake of the buildings.
For the numerical simulation two hydrographs have been used as an upstream boundary condition, one
from the Aixec river and the other from Valira d’Orient. The first hydrograph has a duration of 6.8 hours
and a peak flow of 116.26 m³/s. The second, of Valira d’Orient river, has a duration of 10.83 hours and a
peak flow of 294.07 m³/s. The two have been extracted from the Estudi hidrològic de les conques del
Principat d’Andorra.

Figure 56: Hydrographs used, x axis is the time (seconds) and y axis the discharge (cubic meters per second)
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Figure 57: SMS screen capture of the case study area’s DTM

The dowstream boundary condition will be free outflow (critical flow).
In my study other meshes will be generated, and the geometry will be further reduced, but this Flood‐
hazard study will be used as a reference in some aspects.
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7.2. First approach: Resolved
The first approach to be tested is the resolved. On the resolved approach the exact geometry of these
small‐scale obstructions, or buildings, is considered in the model, requiring a rather fine mesh resolution
in order to resolve accurately the velocity and the water depth fields around them. This is why a 2.5 m
cell‐size mesh has been chosen.
Before generating the mesh, in the pre‐process by software SMS, the geometry has been further
reduced to lower the computational cost taking into account the results of the Flumen Flood‐hazard
study. After, it has been divided into 4 zones: river bed, urban with porosity (areas where the porosity
and the Increased Manning will be applied), urban without porosity (areas that are not crossed by the
flow, identified also in the Flood hazard study) and floodplain. Each area has its correspondent Manning
roughness coefficient, chosen according to bibliography and the land‐use analysis. These coefficients
may vary along the year depending on the floodplain and bed conditions:



Natural bed, coefficient of 0.1

Figure 58: river Valira d'Orient in Encamp



Flood plain, coefficient of 0.08 (greater to include the effect of some obstacles like buildings)

Figure 59: Encamp's floodplain
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Urban flood plain, coefficient of 0.15, to incorporate the friction of the urban obstacles

Figure 60: town of Encamp, urban areas

For the sake of the simplicity of the model and to reduce the parameters for the sensitivity test, I have
unified the two river beds, even though inside the town the bed is channelized and this means generally
a lower roughness coefficient. The roughness of the bed is the most important because the majority of
the water flows there. These roughness values are quite high, because as it can be seen in the pictures,
the bed is very rough and the floodplain has a lot of obstacles.

Figure 61: SMS screen capture after the pre‐processing, with the old and new model extension
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The mesh has been generated with triangles:

Figure 62: detail of the mesh

Then this mesh is imported into Iber converting it from .2dm format in SMS to .msh format using a
FORTRAN script (from Luis de Cea, U. of la Coruna). Once imported the mesh into Iber and saved, the
roughness coefficients have to be included in the .msh file. Is very important to check the quality of the
mesh once imported:

Figure 63: detail of the buildings representation in the 2,5 m mesh
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As it can be seen in the mesh, the buildings are well represented. Depending on the resolution of the
mesh, the nodes may fall inside the buildings. This means that the center of the cell is higher than the
street level, and it is possible that it does not get wet even though it should in real life, which can distort
the results inside the urban zone, In this study we are not interested in the detailed representation of
the results inside the urban zone, that is why the next simplified models may have this problem with the
buildings:

Figure 64: simplified drawing where the buildings are represented by the blue line, and the mesh by the red line (the dots are
the center of the cell). The black arrow represents the street where there is no flow according to the model although in real
life there would be, due to this consequence of having a coarse mesh.

After importing the mesh, the boundary and initial conditions are assigned, and last the simulation data.
There are the same in all the following simulations. The simulated time is set to 75000 seconds to give
the flood wave to pass, and the maximum time step to 1 s (the elements of the mesh are so small that it
will not reach this value anyway due to automatic limitation by the CFL condition). The results are taken
every 200 s simulation time. The simulation is completed in 18 hours of wall clock time.
The results are rasterized for input into Tecplot. This raster contains the maximum values of the flood.
The maximum flood extent can be observed on any maximum field, for example from the maximum
depths:
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Figure 65: Maximum depths of the resolved approach model

The water surface profile along the river centerline is shown in the following plot, where it can be seen
that the water level drop is so large, that small details cannot be analysed in this representation:
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Figure 66: Longitudinal profile of the maximum WSE in the 2.5m mesh resolved approach.

The stationing of this profile, and all next ones is the longitudinal coordinate measured along the river
centerline, starting from the inflow boundary.
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To observe better the differences between the approaches, let’s look at a close up plan view located
immediately downstream of the porosity area, which should be the most sensitive area:

Figure 67: close‐up of the maximum water depths in the resolved approach (m)

Figure 68: close‐up of the maximum velocities in the resolved approach (m/s)
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Figure 69: close‐up of the velocity vectors in the resolved approach (instant 40000 s, close to the local time of peaking)

In this last figure we can see the velocity vectors, which show how the flow goes through the streets. If
this was the purpose, we could observe very closely the depths and velocities around each building. One
important hypothesis that is made is that the buildings don’t get flooded inside, so porosity remains
constant over time.
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Figure 70: water velocity profile along the river centerline in the resolved approach

If we look at the profile of the velocities we can see that they mostly exceed 3 m/s. This is quite high,
which is typical of torrential flows. I will analyze this later in the flood hazard.
These results will be compared with the others, as said in the introduction just for completeness, but as
the mesh resolution greatly impacts the accuracy of the results, it would be difficult to reach a
conclusion.
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7.3. Second approach: Increased Manning coefficient
The second simplified approach that was presented in the Introduction is the Increased Manning
coefficient. This approach consists on increasing the Manning roughness coefficient to represent the
higher energy losses caused by the buildings. Some studies (G. Pettaccia et al 2010) state that modeling
the city as a roughened continuum is far off the detailed results, I will check this here.
To apply this approach, the terrain model has to be modified by taking out the buildings (which are not
resolved any more), so the “enhanced” roughness can be applied. Anyway, the purpose of the Increased
Manning method is to be able to use a coarser mesh that is inherently unable to represent the details of
the urban area.
The modification of the terrain raster will be carried on by ArcView software:

Figure 71: Screen capture of the removal of the houses in ArcView

It can be seen in the images that not all the houses have been removed, only the ones on the floodable
part of the floodplain (estimated from the previous study). The terrain elevation under the buildings is
interpolated from the street level surrounding the building. Also there are isolated houses that do not
make sense to remove accounting for the definition of porosity. The non‐removed areas correspond to
the urban without‐porosity areas.
A new mesh had to be generated in SMS with this modified terrain model and a 5m spatial resolution, to
change to a more simplified approach.
The roughness will stay the same as in the resolved approach except in the urban with‐porosity areas,
where it will be raised to different values in successive simulations to see the sensitivity, namely to
n=0.35, n=0.45 and n=0.55 s/m1/3.
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Figure 72: detail of the 5m mesh with buildings removed from the floodable city blocks

These more simplified simulations with a 5m resolution take approximately 6 hours wall clock time, less
than half of the time with the resolved approach.
The difference with the resolved approach is seen in the next longitudinal profile of the maximum water
levels:
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Figure 73: Difference of the maximum WSE from the reference solution (resolved approach)
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Figure 74: longitudinal profiles of the maximum velocity in the resolved and Increased Manning approaches

The most important point is that the profiles should be practically the same until the increased
roughness zone is reached (900 m length) but probably they are not because the mesh resolution is
different. And according to Hardy, R. J. et al (1999), the spatial resolution of the mesh affects directly
and greatly all the results of the simulations. It is interesting to see in these figures how the value of the
increase roughness influences just from the porous zone to 700 or 800m downstream. The velocities
look quite similar (these are the velocities along the river, then they should not be very different) except
right in the porous zone, but there are very local and variable, so it is not an important point. This
graphic also tells that if we would like to calibrate the Manning coefficient to have a simple increased‐
roughness model with a coarse mesh, the results would be still far from the resolved approach.
Let’s focus again on the same close up as with the resolved approach to observe the differences in the
flow and the water depths:

Figure 75: velocity vectors in the n=0.45 Increased Manning approach (instant at t = 40000 s)
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Here it can be seen how water flows through the increased Manning zone. That is why the depths are
lower in the bed and higher where the houses were. This is an inconvenient for a flood‐hazard study,
because the depths on the bed are 3m lower in the Manning approach. Nevertheless downstream of the
porous zone the approximation is good, although the range of depths is large.

Figure 76: close‐up of the maximum water depths in the Manning approach n=0.45 s/m

1/3

1/3

Figure 77: close‐up of the maximum velocities in the Manning approach n=0.45 s/m

The flow extent is slightly larger than in the resolved approach. The velocities are lower but, as the
profile showed, the approximation is quite good.
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7.4. Third approach: Porosity
It has been seen in the last chapter that the results of the Increased Manning approach are far from the
resolved modeling. This is what motivated the researchers to develop the porosity approach, in the
hope of economic accuracy.
To apply the porosity to my model, it is needed to calculate the porosity parameters that were seen in
the early chapters. Again in the hope of economic accuracy, I will derive the porosity parameters only in
two more influential (more water flows through them) polygons, and then I will average them. The
parameters were calculated with several extensions in Arc View:

0,20
7380
15
Length of the obstacles:
Average area of the obstacles:
Porosity

Characteristic length:

5900
20
1600
80

,

Figure 78: calculation of the porosity parameters for the first polygon of houses
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,

70

Figure 79: calculation of the porosity parameters for the second polygon of houses

75 m the characteristic length, the average of both polygons.
The porosity will be
0.25 and
The last parameter needed is the head loss coefficient . To set the value I have taken into account
that is the ratio / , which should be considered in order to evaluate the flow resistance of each
configuration. Therefore, to have a significant ratio which such a large characteristic length it is needed a
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high head loss coefficient. Since the obstacles are square and slightly staggered taken into account the
3.8. It won’t
direction of the flow, it should be chosen a coefficient between 2 and 6, which will be
be 4 so it can have a round figure.

,

3.8
75

0,05

To simplify the model, the parameters will be the same in the two horizontal directions.
From the same SMS mesh that has been used for the last approach, cells belonging to the urban area
with porosity can be identified by the “material ID”, so these can be used to create the porosity.txt file
with the parameters that Iber needs for the simulations.
The roughness coefficients will stay as in the resolved approach, although the buildings have been
removed, to again simplify the model. Besides, the roughness coefficient appears as well in the porosity
equations, so it is an important parameter also in the porous zone.
would be calibrated to match the friction losses of the resolved model (or actual flood
Normally
marks measured during a flood), but, as said in the introduction, I won’t calibrate any parameter in the
model due to lack of data, so we will see the difference between this geometric estimation of
parameters and the resolved approach which acts as the reference.
The wall clock time of the simulations is the same as with the Increased Manning approach.
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Figure 80: Profile of the maximum WSE difference between the porosity and the resolved approach

Like it happened in the previous approach, upstream of the beginning of porous area there should be no
difference, but it is probably due to the difference of mesh layout, theory confirmed by the shapes of
the WSE elevation curves of both approaches, increased Manning and porosity, which they are the
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same. Even with calibration, as it will be seen in the sensitivity test, these values could not be adjusted
because of the mesh resolution.
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Figure 81: velocity profiles of the resolved and porosity approaches

Again let’s focus on a close‐up of the downstream porosity area:

Figure 82: maximum depths with the porosity approach
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As it happens in the second approach, the water depths are lower in the bed due to the diversion of the
flow to the urban area, even though the porosity is quite low.
The velocities are quite similar to the previous approaches, as showed in the profiles:

Figure 83: maximum velocities with the porosity approach

Figure 84: detail of the velocity vectors (instant t = 40000 s)
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This last figure is very interesting, because we can see how the velocity in the porous area is significantly
lower than in the river bed (according to the size of the arrows). The porosity allows the flow to go
through the area, what happened also with the Increased Manning approach where a lot of flow was
diverted. The boundaries of the porous zone can be clearly appreciated.

Figure 85: detail of the velocity vectors (instant t = 40000 s)

To finish this comparison, I will show a profile of the depths with the three approaches (the roughness
approach with n=0,45 s/m1/3) in three points of the floodplain downstream of the porous area:

Figure 86: location of the points
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Figure 87: water depth hydrographs for points 1, 2 and 3
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These graphics shows that the porosity model has a problem drying the cells, which remain at the
highest water level. This problem is quite usual in modeling, but it’s not very important because in real
life the soil dries itself by infiltration of draining elements that the DTM is not able to reproduce.
Another point is the ability to estimate the maximum depths. Nevertheless, as said previously, the
adjustment is not very important because there are differences because of the mesh, which would not
be possible to adjust with calibration. While the Increased Manning approach seems to adjust poorly to
the depths in the closest point (3), in the last point the adjustment is very good. However, the porosity
adjust is poor in all the points. It is interesting to see in point 3 how the two simplified approaches are
very close and equally far from the resolved approach. Probably diminishing the porosity rate in the
porosity approach, the only significant parameter, the peak water depths could be adjust better, as is
shown in the following sensitivity test. This confirms what has been seen in the profiles and figures,
while in the river bed the maximum water surface is lower in the porosity approach than in the resolved
approach, in the floodplain it is higher because of the diversion of the flow.
The main advantages of the porosity compared to the increased roughness lie in its ability to account for
a reduction of storage and the increase of velocity in the narrow streets while the Darcy velocity in the
urban area decreases. Moreover, there is a specific head loss at the entrance and at the exit of the city,
due to porosity discontinuity, while the roughness model only accounts for the average friction losses
along the urban area. This head loss can be appreciated in the figures of the maximum water depth
shown above.

7.5. Sensitivity analysis
To identify in which grade the porosity affects the model, I have carried on a sensitivity test varying
several parameters. As said, this is especially important because there is little calibration data.
The reference for the sensitivity analysis will be the simulation set in the last chapter, here called S0.
This test will allow identifying the influence of each parameter without the mesh resolution effect. In
each simulation one of the 5 parameters will be varied a 20% of its value. Analyzing these results I will
try to identify the influence of each parameter in the results of the simulations. Of course with only one
simulation is difficult to identify patterns, but we are only looking for a general trend. To facilitate this I
have tried to use as few parameters as possible, as said previously.
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,

,

Simulation

n bed

n floodplain

n urban

S0
S1

0,10
0,10

0,08
0,08

0,15
0,15

0.25
0.30

3.8
3.8

75
75

0.05
0.05

S2
S3

0,10
0,08

0,08
0,08

0,15
0,15

0.25
0.25

4.5
3.8

75
75

0.06
0.05

S4
S5
S6

0,10
0,10
0,10

0,10
0,08
0,08

0,15
0,18
0,15

0.25
0.25
1

3.8
3.8
0

75
75
0

0.05
0.05
0

,

Table 6: parameters of the sensitivity study simulations, the varied parameter in each simulation is highlighted in red

In the next graphic the difference between the water surface elevation profiles of the reference and the
correspondent simulation is represented.
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Figure 88: longitudinal profile of the difference of maximum WSE (m) from that of the reference solution due to varying
model parameters in simulations S1 to S6

A lot of information can be extracted from this graphic. As had been said previously, the porous zone is
located downstream at distance 850 to 900 m, which is important because the porosity should not
influence upstream of this length. This is because the flow is supercritical (Froude number higher than
1), almost everywhere during the peaking of the flood.
What draws more the attention is that the sixth simulation S6 is by large the farthest deviated from the
reference. This simulation is the one without porosity, which is telling that the simulated maximum
water levels are most sensitive to the existence or not of porosity lower than 1. The water levels should
be the same as the reference simulation upstream the porosity zone, which they are.
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The second farthest simulation is S3, which corresponds to a variation of the bed roughness. This
confirms what it was said previously: most of the flood flow is carried in the riverbed.
Simulations S1 and S2 are the ones where the porosity parameters are modified. As observed in the test
cases, the porosity

variations (S1), change more the results than the

,

coefficient (S2).

The simulations S4 and S5 correspond to the variations of the roughness coefficient in the urban zones
and in the floodplain. The first area and the last that the flow encounters is floodplain, so that is why the
variations of S4 are noticed earlier and at the end. The urban zone is more in the middle.
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Figure 89: Standard deviations of the maximum WSE differences in simulations S1 to S6 from those in S0

With a standard deviation plot the deviations can be visualized better, according to Krámer T. et al
(2006). The simulation with the greatest deviation is the one without porosity, then the one with the
decreased river bed Manning coefficient. Therefore, the parameters with more influence in the results
of the model are the existence of porosity lower than 1 and the bed Manning coefficient. After these,
comes the percentage of porosity. The Manning coefficients of the floodplain and the urban zone (there
is more area of floodplain than urban) are the next, and finally the ratio

,

is the less sensitive

parameter as observed in the test cases.
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Figure 90: longitudinal profile of the maximum velocity in simulations S0 to S6

The velocity profile shows that all the velocities are more or less the same, with the exception of the
simulation with lower bed Manning coefficient (S3), which increases the velocity by the same rate along
all the profile. Immediately downstream the porosity area the simulation without porosity (S6) presents
a lower velocity than the others and then recovers a bit.

7.6. Flood Hazard
In this chapter I will analyze the results of the reference model with porosity (simulation S0 in the last
chapter) from a flood hazard point of view and compare them to the Flood‐hazard study by Flumen.
Those results are denoted Reference results in this chapter.
It has been seen that the town of Encamp has important flooding, with maximum depths reaching the 6
m in some of the stretches of the river. The mean maximum water depth is nearly 3 m with a standard
deviation of 1,20 m .
There are 9 bridges and footbridges in the reach. According to the Flood‐hazard study, 4 bridges present
problems of overtopping, which are the “passarel∙la del Poliesportiu”, “passarel∙la del Parc Gran”, “pont
de la Molina” and “pont de la Av. Princep Benlloch”:

Figure 91: briges (pont) and foodbridges (pasarel‐la) of Encamp with the WSE of the bridge deck (cota tauler), the WSE at the
brige, and the brige deck (cantell)
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Figure 92: location of the bridges (pont) and footbridges (pasarel‐la) in Encamp

Let’s compare the water surface elevation in these 4 bridges with the porosity approach model:

WSE of the
Reference (m)

WSE with Porosity
approach (m)

2

1218.05

1219.5

3

1237.61

1237.9

4

1239.96

1240.4

5

1247.72

1247.7

Table 7: WSE at the bridges with overtopping problems

The bed WSE in the porosity model is higher than in the reference, so these bridges present also
overtopping in the porosity approach, the worse case being the “Pont avinguda del Princep Benlloch”
with more than 2m of overtopping.
The average velocity of the river bed in the reach is 5 m/s with a standard deviation of 2.3 m/s, at some
locations it can reach 15 m/s, specially on the channelized stretch. The values of the velocities are very
high because, as said previously, this is a torrential flow, channelized at some points which worsens the
situation.
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The next figures show the extent of the flow in both models. In the first figure the red represents high
hazard, the yellow medium and the green low according to the Catalan flood hazard classification.

Figure 93: flood extent according to the flood‐hazard study

Figure 94: flood extent according to the porosity model
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The flood extent in both models is practically the same, except the houses on the left bank of the river
which are not flooded in the porosity approach because the porosity doesn’t allow the flow to go
through them.
The majority of the flooded area is non‐urban, so the risk is low in these areas. Nevertheless, there are
also urban flooded areas with high depths, more than 1 m and combined with high velocities, which is
dangerous for the people, houses, cars etc.
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8. Conclusions and further development
The conclusions I can obtain from this work are several. Firstly, complex and simplified models have
been compared. Differences owing to mesh resolution are inherently present when comparing the
resolved approach to the two continuum approaches (Increased Manning and Porosity) because they
are meant to use a coarser mesh. Therefore, the spatial mesh resolution has a greater effect than the
typical calibration parameter, friction, and also the porosity parameters, thus it is difficult to reach a
conclusion when comparing the three approaches of modeling.
Having this in mind, the comparison of depths downstream of the porosity area reveals that the water
surface profile was not well represented by the porosity model, nevertheless the increased roughness
model represented it better, increasingly better farther from the urban area until the difference is
practically unnoticeable. Both approaches influence the results of the model up until 700 or 800m after
the start of the porous zone. One significant difference from my point of view is that the porosity
approach takes more time of pre‐processing to calculate the parameters, and it’s more complex to
calibrate because there are more parameters and some of them don’t have a clear value in a real case
study, even though the porosity and the characteristic length of the obstructions are related to the
geometrical properties of the urban area.
Therefore I can conclude that this porosity model needs some improving to compete with the roughness
approach. Whereas it worked rather well in the test cases, in the case study the performance could be
improved, independently of the calibration of the results and the mesh resolution.
It would be useful to test the porosity approach in different conditions, because the Encamp test case
presents some characteristics that are difficult to reproduce carefully even with a resolved approach
model. These conditions would be a less steep floodplain for example, with lower water elevation
ranges and velocities, or a larger urban area.

8.1. Further development
Once the model is perfected, it would be good to incorporate regions with 0 porosity. The shallow
equations with porosity allow considering impervious regions inside the computation domain by just
setting the porosity value to
0 inside them. In fact, the definition of a zero porosity region is
equivalent to use a wall boundary condition along the boundary which defines the region of zero
porosity. Nevertheless, Iber is unable to consider them in the current set‐up. It would be interesting to
have a numerical scheme which can handle regions of zero porosity, because in certain cases it might be
useful to define impervious surfaces inside the flow domain without the need of modifying the
numerical mesh.
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Moreover, recent works (Velickovic M. et al 2010) consider a non‐homogeneous distribution of the
porosity parameter inside the urbanized area, linearly‐varied. It is shown that in certain cases,
smoothing the distribution of the porosity can improve the results.
Along the same lines, it would be interesting to test the capacity of the porosity parameters to represent
anisotropy. For example, this would offer the possibility of resolving preferential flow directions which
occur in urban areas due to asymmetric building shapes and spacing and the alignment of buildings
along streets. However, this is more complex to implement.
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Annex: Implementing porosity in Iber’s code
Once known all the background of the porosity approach and how Iber works, it is time to modify Iber’s
code. This is written in Fortran code, a general‐purpose, procedural, imperative programming language
that is especially suited to numeric computation and scientific computing.
The way Iber’s code is organized is the following: there is a main script Iber.for, from which all the
subrutines are called. This script won’t be touch.
The first step is to define a module for the porosity, in the Iber_modulos.for script. This is to tell which
variables they are going to be used and which type they are. These variables are: porosity ( ), C_x and
C_y are the head loss coefficients in the two horizontal directions, L_sx and L_sy are the characteristic
length of the obstructions inside the urban region in both horizontal directions and dx_porosity and
dy_porosity are the derivatives of the porosity, which we need to calculate according to the equations of
the porosity variations and the additional drag forces previously seen:
0
| |

,

,

,

Then the program has to read the porosity data that will be introduced in a porosity.txt file (in Iber’s
program files) like the following, which includes the number of element of the mesh in the first row, and
3.8,
3.8, ,
75 , ,
75.
then the porosity parameters, in this case:
0.25 ,
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The next subroutine, located in the Iber_topologia_2D.for file for one‐time read subroutines, shows how
to read the porosity.txt file and set the values to 1 of the porosity (which means no porosity) and to 0 of
the porosity parameters in case there is no porosity:

After this, in the script Iber_hidrodinamica2D.for it was implemented a subroutine to calculate the
porosity derivatives:
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Below these lines of code were written the two porosity terms of the three equations. They were
written just below the wind subroutine because they have the same form, as we can see in equation of
the additional drag forces.
To understand the notation, U_n(1,ielem) is the water depth at element ielem at the previous time step,
U_n (2,ielem) is the unit discharge in the x direction and U_n(3,ielem) in the y direction, u and v are the
velocities in each direction, vmod(ielem) the velocity magnitude and vel(ielem) the area of the finite
volume.
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As it has been mentioned previously, the additional drag term is like a wind stress, so Iber knows already
how to deal with it. Then the derivatives for the porosity have a similar structure that a convective
velocity. They have to be calculated once only and then in each step they are multiplied by the
correspondent velocities or water depth.
Is the less important term, hence the porosity is constant in all the urban area, so the only variation is in
the boundary of the area.
During the writing, to check the code, the solution was run with the Debug mode in Microsoft Visual
Studio with the Intel Visual Fortran Compiler 11. Once the code is written, it was compiled using the
Debug Release mode to create the Iber.exe file. This file was then substituted in the Iber program files.
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