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Abstract
Permeable pavements are a common solution for wearing course layers in roads and urban 
areas. They are composed by highly porous materials with permeability several orders of 
magnitude above of the natural terrain. This work presents, on one hand, the experimental 
characterisation of the hydraulic behaviour of a permeable asphalt concrete wearing course 
layer and, on the other hand, the development and validation of a two-dimensional coupled 
hydraulic-hydrological distributed numerical model to reproduce the effect of the 
infiltration in the rainfall-runoff transformation and in the overland flow propagation 
processes. Experiments show linear and potential trends for permeability-hydraulic head 
relations when considering constant and variable hydraulic heads, respectively, reaching 
permeability up to 0.04 m/s for 1 m of hydraulic head. Experiments are reproduced 
numerically by incorporating new infiltration formulas, which consider the infiltration rate 
as a function of the hydraulic head, and a specific numerical scheme for properly dealing 
the mass conservation when negative values of the water depth may occur numerically due 
to high infiltration rates. This two-dimensional coupled hydraulic-hydrological distributed 
numerical model is a validated tool for simulating the effect of permeable pavements not 
only in the rainfall-runoff process, but also for the overland flow propagation.
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1. Introduction
The complexity of a fluid flow in porous media is, in general, directly related to the heterogeneity of the channels 
network created by the connexion between pores [1–4]. Its analysis, from a theoretical point of view, requires 
simplifications leading to a solution far from the reality of the physical phenomenon to assess [5]. Therefore, the 
problem has traditionally been addressed through laboratory tests.

Darcy’s Law [6], developed in an eminently practical way [7], makes it possible to relate the filtration velocity (v ) and the 
hydraulic gradient (i ) by means of a linear proportionality coefficient, known as permeability (k ). This law is widely 
accepted for laminar flow in a porous media, i.e. for small values of the hydraulic gradient and Reynolds numbers 
between 1 and 10, although some authors extend it up to 75 [3,8]. However, for high porosity media, such as 
permeable pavement, inertial forces are not negligible. Therefore, a linear approximation, as the one proposed by 
Darcy, would not be entirely valid [9].

According to Chauveteau and Thirriot [4], four different regimes depending on the Reynolds number exist: 1) laminar 
with linear pressure drop; 2) laminar with non-linear pressure drop; 3) mixed (laminar in some pores and turbulent in 
others); and 4) turbulent regime. The aforementioned work shows how a Reynolds number of 180 is necessary to 
achieve a fully developed turbulent regime in the pores (4th stage). Due to the general heterogeneity of the porous 
material, especially in permeable pavements, it is difficult to determine a limiting Reynolds number [4]. A detailed 
study of this parameter would also entail characterising the medium itself [10].

For highly porous media, whose hydraulic gradient is high, various approaches have also been proposed of an 
experimental nature, such as, for example, second and third order polynomial types without an independent term 
proposed by Forchheimer, potential types by Wikins and Escade [3], exponential approach [11], or like those proposed 
by Seelhiem and Schilchter for turbulent and laminar regimes that are a function of the diameter of the grain [12].

In the present day, there are several methods to measure infiltration rates of permeable pavements [13]. These 
measurements are usually performed in situ over a particular section of the pavement and are based on a certain type 
of modified single or double ring infiltrometer test [14]. Under these conditions, the water is supplied to the test using 
either constant or variable hydraulic head.
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It is essential to be aware of the fluid behaviour through porous media, especially in hydrology, to accurately 
characterise physical phenomena such as the infiltration process [15]. This may lead to a good characterisation of the 
rainfall-runoff transformation process and, thus, to a good representation of the overland flow, which is an important 
parameter in flood risk analysis.

In this sense, several hydrological modelling tools are available for practitioners [16–30] that include the most 
common infiltration formulas [15]. However, those formulas were proposed for low infiltration velocities, mainly 
related to porous media with low permeability such as those found in the nature. Since the implementation of 
Sustainable Urban Drainage Systems (SUDS) are a solution used increasingly in urban areas, the characterisation of 
highly porous media is necessary to assess its effectiveness from a hydrological and hydraulic perspective.

Against this background, this work aims at developing and integrating the infiltration processes specific of permeable 
pavements in a two-dimensional numerical tool. Hence, the hydraulic behaviour of a permeable asphalt wearing 
course layer was analysed in the laboratory. The characterisation of the infiltration capacity of this pavement allowed, 
under different hydraulic conditions, to calibrate and validate a coupled hydraulic-hydrological distributed numerical 
model based on the solution of the two-dimensional Saint-Venant Equations. A few applications and considerations are 
also discussed when this type of numerical models are employed for urban flood risk analysis.

2. Materials and methods

2.1 Experimental design and tests

The sample of permeable pavement tested is a cylindrical beam of asphalt with a height of 0.07 m and a diameter of 
0.15 m that represents a wearing course layer of an asphalt concrete. It is characterised by BM3-C asphalt binder with 
PMB 50/70 designation-type, granitic arid with a mean diameter of 0.011 m and a porosity of 23% (Figure 1a).

Since the flow through a permeable pavement is a function not only of the percentage of voids of the material, but 
also of the configuration of the material’s matrix, two experiments have been performed to evaluate the vertical 
permeability of the sample. Experiment 1 (Exp. #1) simulates the permeability under different constant hydraulic 
heads, whereas experiment 2 (Exp. #2) reproduces the permeability considering variable hydraulic head conditions.

Exp. #1 consists on pouring rainfall with constant intensity over the sample keeping a constant hydraulic head on the 
surface of the sample. The facility was a circular PVC pipe of 0.2 m of length and a diameter of 0.16 m (Figure 1b). The 
sample was placed at the bottom the pipe, while a rainfall simulator device supplied water from the upper part under 
conditions close to the reality. A small window of acrylic was created in the pipe to observe the water behaviour over 
the sample and to control the water depth visually. Permeability and water depth measurements were conducted by 
collecting the water volume during a fixed time and with a limnimeter, respectively. Twelve hydraulic heads were 
examined, from 0 m (“dry” conditions on the sample) to 0.11 m of water depth with intervals of 0.01 m each.

Exp. #2 was a facility that provided variable hydraulic head conditions by a valve opening. A fixed water volume, 
equivalent to 0.97 m of water depth, was stored in a PVC pipe that was 1.2 m long and 0.16 m of diameter with a valve 
at the bottom of the device (Figure 1c). The sample was placed over the valve, which instantaneously released the 
stored water through the sample once it was opened. The water depth was measured each second by means of an 
absolute pressure sensor HOBO Water Level Logger (0 to 9 m), with a precision of ±1.4 mm, which was placed vertically 
inside the pipe.
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Figure 1. Experimental design. (a) Photography of the permeable pavement (sample). (b) Sketch of the Exp. #1 facility (frontal view).
 (c) Sketch of the Exp. #2 facility (frontal view)

 All experimental tests were repeated in order to to filtrate measurement errors and to obtain consistent data. 
Subsequently, mean of the recorded data was taken to obtain the final outcome.

2.2 Numerical model and configuration

Experimental tests were reproduced numerically with the free surface flow modelling tool named Iber [31–33]. Iber is 
a hydraulic model that provides solutions to the two-dimensional Shallow Water Equations, or 2D-SWE, over a mesh of 
structured and/or unstructured elements. It uses a conservative scheme based on the Finite Volumes Method (FVM), 
specifically Roe’s high-resolution scheme [34] which consists of the Godunov method together with the Roe 
Approximate Riemann Solver [35].

Among the calculation modules incorporated by Iber [36–41], a module for the evaluation of hydrological processes 
also exists, which is fully integrated with the hydrodynamic module [42–46]. Therefore, it is a coupled hydrological-
hydraulic distributed model based on the solution of the 2D-SWE, which solves the equations of conservation of mass 
and momentum described in Equation (1)

δh
δt + δhUx

δx +
δhUy

δy = R − f

δhUx
δt + δhUx

2

δx +
δhUx Uy

δy = gh (So ,x − Sf ,x )
δhUy

δt +
δhUx Uy

δx +
δhUy

2

δy = gh (So ,y − Sf ,y )

(1)

where h  is the water depth, Ux  and Uy  are the X  and Y  component of the velocity, g  is the gravitational acceleration, 
So ,x  and So ,y  are the X  and Y  component of the slope of bottom, Sf ,x  and Sf ,y  are the X and Y component of bottom 
friction.

The main difference with the classical 2D-SWE for hydrodynamics is the appearance of the source terms R  and f  in the 
mass conservation equation, which represent the intensity of precipitation and the hydrological losses, respectively. 
The term f  include processes such as infiltration, evapotranspiration, interception and surface retention. Subsequently, 
these processes may or may not be considered in dependent sub-processes, including subsurface flow, accumulation 
and transport through the aquifer, exfiltration, etc.

The 2D-SWE (Equation (1)) are solved in each element of the calculation mesh integrating it in the space using the 
Gauss theorem and in time through an explicit Euler scheme. The R  and f  terms, as well as the free surface gradient 
and the bed friction stress terms, follow a centred discretisation, while the mass flow and momentum are 

https://www.scipedia.com/public/File:Draft_Sanz-Ramos_140677964-image1.png
https://www.scipedia.com/public/File:Draft_Sanz-Ramos_140677964-image1.png


https://www.scipedia.com/public/Sanz-Ramos_et_al_2022a 4

M. Sanz-Ramos, G. Olivares and E. Bladé, Experimental characterization and two-dimensional hydraulic-hydrologic 
modelling of the infiltration process through permeable pavements, Rev. int. métodos numér. cálc. diseño ing. 
(2022). Vol. 38, (1), 14

approximated with an upwind scheme. In this way, the flow that leaves an element is the same as that enters the 
adjacent element through the adjoining side; hence, the conservation of mass is guaranteed throughout all the 
calculation mesh. A detailed description of the numerical scheme used in Iber can be found in Cea and Bladé [42].

The permeability in highly porous media, such as permeable pavements, supposes infiltration rates several orders of 
magnitude above those usual in hydrology. This can lead to negative values of the water depth during the resolution 
of the 2D-SWE, from few millimetres to several centimetres of the water depth. Therefore, the mass conservation 
equation is solved in two steps. In the first step, an intermediate state of the water depth (h∗) is obtained considering 
the intensity of rain and the mass flow between the adjacent elements (Equation (2))

hi
∗ = hi

n − ∑
j ∈ki

Qij
n Δt

Ai
+ Ri

n Δt (2)

where hi
n  is the water depth of element i  evaluated at time n , Qij

n  is the numerical approximation of the mass flow 
between adjacent elements at time n , Ai  is the area of element i , Δt  is the computational time step which is limited by 
the Courant–Friedrichs–Lewy condition [47] and Ri

n  is the intensity of precipitation in the element i  at instant n .

In the second step, h∗ is reduced by any of the hydrological losses (f ) described previously to obtain the depth at the 
next time step (Equation (3))

hi
n +1 = hi

∗ − fi
n Δt (3)

where hi
n +1 is the water depth of the element i  evaluated at time n + 1 and fi

n  is the loss of water volume in the element 
i  at time n . To ensure positive values of the water depth at time n + 1, losses are limited considering the volume of 
water present in the element at time n . Thus:

fi
n = min ( fi

pot , h∗

Δt ) (4)

where fi
pot t is the potential capacity to produce losses in the element i .

For permeable pavements, and specifically those that allow complete water infiltration into deeper layers, the 
parameter fpot  can be evaluated according to infiltration formulas commonly used in the field of hydrology [15]. Iber 
incorporates the most common models: the linear model with initial losses, the Green-Ampt model [48], the Soil 
Conservation System (SCS) model based on the Curve Number method [49–51] and the Horton model [52,53]. 
However, these formulations were developed for infiltration processes in soils whose characteristics differ from those 
of a highly porous medium, such as permeable pavements.

Thereby, the code of Iber has been adapted to accommodate a greater number of formulations. For the case study, 
which can be related to SUDS, it is proposed to use first and second order polynomial infiltration formulations, 
logarithmic in base 10, potential and direct relationships between hydraulic head and infiltration. All of the 
formulations are detailed in Table 1.

Table 1. Formulations implemented in Iber and expressed as potential infiltration capacity (f
pot

)

Model # parameters Formulation Description

Linear + initial losses 2
f
pot

=f si h o R > Ia

f
pot

=
Ia
t si h o R ≤ Ia

Ia  is the initial losses that, until they are overcome by precipitation or the amount of water in the 
element, there are no linear losses (f ).

Green-Ampt [48] 3-6
f
pot

=ks (1+ (h +ψ )
b )

where,

b =b0+ F
ϕ

F =∫0

t
f dt

b
ds

= θ
ϕ

b0=θ0
ds
ϕ

ks  is the saturated permeability of the soil in the vertical direction, h  is the water depth on the 
ground, ψ  is the suction in the unsaturated soil layer; b  is the thickness of the saturated soil 
layer, b0 is the initial thickness of the saturated soil layer and ϕ  is the porosity of the soil.

In Iber the thickness of the saturated soil layer (b ) is related to the vertically averaged moisture 
content in the soil layer (θ ), where ds  is the total thickness of the soil layer and ϕ  its porosity, 
and θ0 is the initial soil moisture.

SCS [49–51] 2
f
pot

=
F(t +Δt )−F(t )

Δt

where,

F =P −Pn

The infiltration accumulated in two consecutive time steps (F(t ) and F(t +Δt )) allows to calculate 

f
pot

. F  depends on the difference between gross precipitation P  and net Pn . When P  is greater 
than the initial losses, evaluated as α S  (normally α  = 0.2), Pn  will be calculated following the 
formulation proposed by the SCS that depends on the curve number (CN ), a parameter related 
to the type of land, land uses and land slopes.
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Pn = (P −α S )2

P +(1−α ) S
P >α S

S = 25400
CN −254

Horton [52,53] 3
ΔFpot =fr Δt + (f0−fr )

k
(1−e−k Δt )

fo =fr +(f0−fr ) e−k Δt  if ΔFpot ≤h

fo =fr +(f0−fr ) e
−k h

f  if ΔFpot >h

At each time step, fpot  is calculated as the integral t  and t +Δt , and the value of f0 is updated. 
That is, with this discretization, if there is no rain or no water in the element, no water infiltrates 
and the potential infiltration rate stops decreasing since the soil moisture is not increasing.

Polynomial 1st order 2 f
pot

=αh +β As long as there is enough water in the element (h >β Δt ), fpot  will follow a linear infiltration law.

Polynomial 2nd order 3 f
pot

=α h2+βh +γ
As long as there is enough water in the element (h >γ Δt ), fpot  will follow a quadratic infiltration 
law.

Logarithmic (base 10) 2 f
pot

=αlog (h )+β
As long as there is enough water in the element (h >β Δt ), fpot  will follow a logarithmic infiltration 
law.

Potential 2 f
pot

=α h
β As long as there is enough water in the element, fpot  will follow a potential infiltration law.

Table h −f variable f
pot

=f (h )
For each value of h , a value of f  is obtained as long as there is sufficient amount of water. 
Intermediate values are linearly interpolated.

 The model setup was identical for all the tests performed. The geometry of each experiments was discretised using an 
unstructured mesh of triangular elements generated in GiD [54–56], whose minimum side size was 0.0018 m and the 
maximum side was 0.0086 m. This configuration imposes smaller elements at the contour (Figure 2), since the sample, 
centred in the device, has an area slightly lower (0.0176 m2) than the section of the tube where the pavement sample 
was installed (0.0185 m2). The domain was discretised with a ratio equivalent to 128,325 elements per square meter, a 
value several orders of magnitude above the one that is commonly used in flood studies [57]. The first order Roe 
scheme was used, and the friction in the walls was not considered due to the reduced roughness of the tube material 
(PVC).

Figure 2. Numerical discretisation of the geometry of the tests. (a) calculation mesh. (b) 
Location of the elements that represent the permeable pavement sample (yellow) and the non-

permeable zone (dark grey)

3 Results and discussion

3.1 Permeability at constant hydraulic head

In Exp. #1, when the desired hydraulic head was reached, the volume of the water flowed through the sample was 
collected and then measured for a time interval of 30 s. Thus, the infiltration rate associated to a particular hydraulic 
head was obtained. Figure 3a shows the results of permeability and how the results follow a linear trend. By contrast, 
when applying Darcy’s law to the previous data, a potential trend is obtained providing infinite permeability when the 
hydraulic head tends to zero (Figure 3b). This is one of the reasons why this methodology must not be used to 
characterise the permeability for highly porous media. 
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Figure 3. Experimental results of the permeability test at constant hydraulic head. (a) Infiltration rate related to 
a constant hydraulic head. (b) Infiltration rate related to a constant hydraulic head considering Darcy’s law

 The experimental permeability data (Figure 3a) were directly transformed into potential infiltration capacity (fpot ). The 
best fit of the depth-infiltration relationship performed by least squares was obtained with a straight line, which 
resulted in the parameters α  = 314 248 and β  = 4287.7 for a 1st order polynomial infiltration model (Table 1). This 
infiltration model was imposed on the elements of the calculation mesh that represents the permeable pavement (
Figure 2b, yellow colour). The model was forced with the rainfall intensity associated with the value of the water depth 
observed during the tests, allowing validating the numerical model under steady conditions.

Figure 4a shows the simulated water depth at the centre of the sample when the steady state was reached. The model 
adequately reproduces the behaviour of the water observed during the tests. The differences shown for the depths of 
0.01, 0.03, 0.08 and 0.10 m (Figure 4a, error bars) can be related to the adjustment of the infiltration model made by 
means of the regression line. If the model is forced with the observed infiltration data using the Table h − f  model (
Table 1), the expected water depth is accurately obtained.

Additionally, a sensitivity analysis for the mesh-size was performed for the precipitation value corresponding to a 
hydraulic head of 0.06 m. The calculation domain was discretised with a finer and coarse meshes, which represents a 
ratio of 53,190 and of 2,285,297 els./m2, respectively. Figure 4b shows, on the one hand, the difference in the evolution 
of the depth obtained with the coarse and the intermediate meshes with respect to the finest (black and red lines) and, 
on the other hand, the difference in the depth between the coarse and intermediate meshes (blue line). In general, the 
differences are minute (< 0.0002 m), stabilising after 20 s of the simulation at lower values. It should be noted that the 
calculation time for an intermediate and fine mesh is multiplied by a factor of 1.48 and 23.5, respectively, compared to 
the coarse mesh. Therefore, the mesh with an intermediate ratio (128,325 els./m2) provides adequate results with 
computation times similar to those of the coarse mesh. 
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Figure 4. Numerical results of the permeability test at constant hydraulic head. (a) Water depth for the different 
intensities of precipitation tested. (b) Mesh sensitivity analysis for a water depth of 0.06 m, difference in depth 

between a coarse and a fine mesh (red dashed line), between a medium and a fine mesh (black line) and 
between a coarse and a medium mesh (blue line)

 Finally, the influence of the numerical scheme on the solution was also analysed. For the test corresponding to 0.06 m 
of hydraulic head, the second order of Roe and the DHD schemes [42], developed ad hoc for the evaluation of 
hydrological processes, were tested. In general, the DHD scheme represents a speed-up of x1.3 with respect to the 1st 
order scheme, while the 2nd order scheme increases the computation time by x1.1 with respect to the 1st order 
scheme. Although the 2nd order scheme generally provides more accurate hydraulic results, in this case, its use is not 
an advantage.

3.2 Permeability at variable hydraulic head

Figure 5a shows the evolution of the water pressure registered in the device of the Exp. #2. Small dispersion was 
obtained for all tests, confirming the good performance of the device. A potential trend is obtained when averaging 
the previous data and relating with the hydraulic head (Figure 5b). The reduction of the permeability registered at the 
second time step (0.902 m) was probably due to the propagation of a wave generated at the opening of the valve. 

Figure 5. Experimental results of the permeability test at variable hydraulic head. (a) Absolute pressure 
observed for all tests. (b) Averaged permeability-hydraulic head relation

 Exp. #2 was simulated with a model configuration identical to the one used for a constant hydraulic head (see section 
2.2). However, an initial water depth condition equal to 0.97 m was imposed, while there was no water input due to 
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precipitation processes. Based on the experimental results, the infiltration model used in the numerical model was the 
potential law with α  and β  (Table 1) equal to 141,117 and 0.3715, respectively. A mesh size equivalent to 128,325 
els./m2 was employed as it provides a fair balance between the precision of the results and the computational cost, as 
demonstrated in section 3.1.

The numerical results conform to the observations during the experiments (Figure 6a). The evolution of the observed 
water depth follows a second order polynomial trend, characteristic of an emptying process of a pond through a hole. 
The numerical model, with the infiltration model proposed, follows this same trend with an adjustment of R2 = 0.9998.

A detailed comparison between the experimental and numerical results shows that both models differ by less than 
0.015 m (in absolute value). These differences are mainly attributable to the oscillation of the free surface due to the 
wave generated by the opening of the valve. This phenomenon is clearly denoted not only in the reduction of the 
infiltrated volume observed at the first moments (Figure 5b), but also in the shape of the absolute error between 
experimental and numerical results (Figure 6b). 

Figure 6. Numerical results of the permeability test at variable hydraulic head. (a) Evolution of the water depth 
for an initial condition of 0.97 m. (b) Absolute error between experimental and numerical results

3.3 Applicability and considerations

The use of permeable pavements as wearing course layer in bitumen packs is common throughout the world [58–63]. 
However, the infiltration capacity of this type of pavement is conditioned by the layer located immediately below the 
pavement, which is usually much less permeable, even becoming waterproof according to the technical specifications 
of the work. Furthermore, the wearing course layer is usually a few centimetres thick, so the flow behaviour in the 
porous medium is, in general, perpendicular to the surface of the wearing course when it lays over an impervious 
layer. Although this aspect is not addressed in the present work, its experimental analysis could help to calibrate and 
validate numerical models that, based or not on the solution of the 2D-SWE, incorporate processes of infiltration and 
transport through the medium as subsurface flow, along with subsequent exfiltration.

The application of permeable pavements in car parks and roads with light traffic [64,65], where dynamic loads are 
relatively low and the pavement package under the wearing course layer can be conditioned to continue infiltrating to 
deeper layers, has shown promising results with infiltration rates of up to 0.008 /s. Similar rates are proved to be in the 
sample tested herein for relatively low hydraulic heads (less than 0.08 m). It is worth noting that the infiltration 
capacity increases when the values of the hydraulic head also increases above 0.04 m/s for water depths up to 1 m, as 
seen in the sample studied. This presumes an infiltration discharge of approximately 40 l/s per square meter.

This type of solutions, applied in urban areas, is known as SUDS (Sustainable Urban Drainage System). SUDS are 
technical solution intended to increase the permeability of cities, collecting part of the overland flow and/or giving 
infiltrated water a second use (e.g. irrigation or street cleaning). The main consequence of the reduction of surface 
runoff is the potential reduction in the hazard and risk of flooding in urban areas [66–68]. They are aligned to the 
current worldwide trend entitled “sponge cities” [69,70], which is oriented to build cities that are more efficient to 
manage flood events and water resources stress.
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Applying permeable pavements in bicycle lanes could be an alternative to the use of punctual SUDS (such as parking 
lots or green areas), especially when the urban area is highly consolidated. Bike-lanes are linear elements occupying 
large amounts of surface and that, in addition, usually cross streets leading, in many cases, to the interception of 
runoff. Many of them are located on the sides of the road, where the greatest amount of water accumulates. 
Therefore, its application could potentially reduce the water levels in the streets and, therefore, help in reducing the 
flood risk.

The potential benefits of using permeable pavements are presented through its application in a bike-lane of Barcelona 
city (Figure 7a). This bike-lane is located on the road and occupies an area of 586.2 m2 (Figure 7a, green strip), while the 
rest of the street occupies 3 811.8 m2 (Figure 7a, grey area). The pavement characteristics are based on the linear 
infiltration model, associated to the experimental data described in section 3.1. A synthetic precipitation event 
corresponding to a return period of 10 years [71] was used (Figure 7b). The domain was discretized by means of a 
mesh of triangular elements with a mean side of 2 m, according to the resolution of the digital terrain model. The 
simulation duration was of 3 h. 

Figure 7. Example of application of permeable pavement in a street of Barcelona. (a) Spatial domain of the 
numerical model, where the green area is the area occupied by the bike-lane that represents the permeable 
pavement, while the rest of the street is grey (completely waterproof). (b) Outlet hydrograph resulting from 

surface runoff

Figure 7b shows the outlet hydrograph for two scenarios: without considering permeable pavement (dotted line) and 
considering permeable pavement in the bike-lane (solid line). The peak flow, considering the permeable pavement, 
would potentially be reduced by 41%, while the volume of surface runoff would be 38% less. In this case, the effect of 
the permeable pavement is reduced as the street tends to accumulate the surface runoff on the left side of the street, 
the opposite side where the bike lane is. Even so, considering that the permeable pavement area only represents 
13.3% of the total, the potential benefits of using this type of SUDS would be considerable.

Numerically, for coupled hydrological-hydraulic distributed models based the 2D-SWE, the use of infiltration models 
associated to very high infiltration capacities may require a specific numerical treatment depending on the scale of 
analysis [72]. For example, when the behaviour of the overland flow is modified by an inlet element of the sewer 
system. In such cases, numerical treatments should be addressed at minimizing the unreal acceleration of the flow 
when large amounts of water infiltrate. An in-depth analysis is therefore necessary in this regard to find a numerical 
solution that adequately reproduces the physical phenomenon in real conditions.

4. Conclusions
Permeable pavements are a current and recurrent solution as a wearing course layer not only in roads, but also in 
urban areas as a part of Sustainable Urban Drainage Systems (SUDS). Its application may be oriented to reduce the 
flood risk through the infiltration of the overland flow, fully or partially. However, their hydraulic and hydrological 
behaviour must be properly characterised considering that turbulent regime is usually generated when the water 
flows through this kind of highly porous materials.

The vertical permeability of an asphalt concrete with a common configuration for permeable pavements was 
experimentally tested under constant and variable hydraulic heads. Permeability up to 0.04 m/s was observed for 
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variable hydraulic head of 1 m, while values greater than 0.001 m/s were obtained under “dry conditions” over the 
pavement. Experiments demonstrated the necessity of developing ad hoc infiltration formulas, especially for this kind 
of highly porous media.

Experiments were reproduced numerically with Iber, a coupled hydraulic-hydrological distributed model based on the 
solution of the 2D-SWE. Hence, the model was adapted by incorporating new infiltration formulas and then validated 
by reproducing the experiments. For constant hydraulic heads a linear relationship infiltration-depth provided the best 
adjustment, while a potential law was best fit for a variable hydraulic head less than 1 m. Results allowed validating the 
numerical tool, showing a good performance with R2 > 0.99. The model accurately deal with the mass conservation, 
even when negative values of the water depth may occur numerically due to high infiltration rates.

Potential benefits of using permeable pavements to reduce the flood risk, both in diagnostic and prognoses scenarios, 
should be evaluated with correctly validated numerical tools that incorporates, jointly, rainfall-runoff processes and 
overland flow propagation. We encourage not only to develop and use coupled hydraulic-hydrological distributed 
numerical models based on the solution of the 2D-SWE, but also to validate it by performing laboratory and field 
experiments. The development of this kind of numerical tools must be oriented to include sub-processes such as the 
subsurface flow, the accumulation and transport through the aquifer, the exfiltration, etc., and, when is possible, to 
connect to the sewer network. All of this should be done with the ultimate aim of providing more accurate tools for 
assessing and manage flood risk and water resources in urban areas.
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