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I. INTRODUCTION

ADON gas is a naturally occurring radioactive gas

resulting from the decay of radium and uranium present in 

the ground. Weighing more than air and with a half-life of 3.8 

days, radon penetrates buildings and tends to accumulate on the 

lower floors (Cinelli et al., 2019; Quindós Poncela, 1995). As it 

disintegrates, it generates alpha particles, which enter the 

human respiratory tract, and is considered by the World Health 

Organisation to be one of the main causes of lung cancer 
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(WHO, 2009). It is currently considered necessary to establish 

mitigation measures so that the concentration does not exceed 

300 Bq/m3 in living spaces (EURATOM, 2013; CTE, 2019).   

The removal of radon gas from buildings is a global problem. 

In recent years, the need for its control has been incorporated 

into the building regulations of different European countries, 

such as the Spanish Technical Building Code (CTE, 2019). 

Among the most effective solutions for reducing high radon 

levels are under-slab depressurisation techniques (Frutos, 2011; 

Pacheco-Torgal, 2012). These techniques consist of 

maintaining a lower pressure than that existing inside the 

building in those surfaces located under the floor slab of 

basements and floors in contact with the ground. In this way, 

the air tends to move down the pressure gradient towards the 

space where the pressure is lower, thereby reducing the ingress 

of contaminated air into the building. Depressurisation is 

usually created by the incorporation of mechanical extraction 

systems, which take the air from the ground and expel it to the 

outside, where the radon concentration is diluted. 

For the under-slab depressurisation system to be effective, 

the negative pressure field should ideally cover the entire area 

under the building. In new buildings it is possible to provide for 

the formation of a more permeable space underneath (e.g., a 

gravel bed) in the design, which allows for a greater extension 

of the negative pressure field with respect to the interior. 

However, in existing buildings, radon gas removal is more 

complicated and the choice of suction points, extraction 

systems and extraction power must be made according to the 

composition and permeability of the space under the slab. The 

problem is aggravated by the presence of poorly permeable 

materials and structural foundations, which impede the 

continuity of air flows. 

This work is part of the Radon_Flow project "Porous 

aggregates and screeds for protection against radon gas", 

developed at the Eduardo Torroja Institute. Based on the 

pressure data collected in experiments on a full-scale slab 

model, progress is being made in defining the necessary 

parameters for the creation of a simulation model with the 

COMSOL Multiphysics software. This model will allow the 

study of different materials and procedures for radon gas 

removal. The empirically collected data were presented in 

October 2021 at the International Conference Construction, 

Energy, Environment and Sustainability CEES 2021 in 

Coimbra (Portugal) (Sicilia et al., 2021). Based on these data, a 

COMSOL slab model is validated, using as a control element 

the differential pressures measured at different points of the 

experimental slab, with different extraction systems. 

II. THEORETICAL FRAME

Radon gas atoms are generated both within soil grains and in 

building materials containing radium and/or uranium. Once 

generated, they move to the surface by three processes: 

emanation, transport, and exhalation (Cinelli et al., 2019). 

During emanation, radon generated inside the grain moves into 

the air in the surrounding pores of the soil. Once there, transport 

takes place by diffusion and advection processes, which move 

the radon atoms to the surface. Finally, the radon gas is exhaled 

into the free air of the atmosphere. Transport by diffusion and 

advection occurs both in the natural ground and through the 

building materials in contact with it. Radon enters the interior 

through surfaces in contact with the ground, as well as through 

existing cracks and some elements of the sewage system.   

The concentration variation over time is represented by the 

following equation (Clements, 1974): 

𝜕𝜀𝐶

𝜕𝑡
= 𝐷𝛻2𝐶 +

𝑘

𝜇
𝐶𝛻𝑃 − 𝜆𝜀𝐶 + 𝜀𝐺  (1) 

The first term describes the diffusion process, with C being 

the radon concentration in the medium [Bq/m3], D the 

diffusion coefficient in the soil [m2/s], and ɛ the porosity of the 

medium, with a range between 0 and 1. The second term 

represents the advection process, with k being the intrinsic 

permeability of the porous medium, μ the dynamic viscosity of 

the gas in the soil [Pa s], and ∇P the pressure difference 

between the porous medium and the outside [Pa]. The last two 

terms correspond to the radioactive decay, where λ is the 

decay constant of 222Rn [s-1], and G is the radon generation in 

the soil pores [Bq m-3·s-
1].  

The first part of the modelling, developed in the present 

work, is focused on the advection processes, described by 

Darcy's Law (Jiranek et al., 2007) (second term of equation 1). 

The approximation to the operation of the real system is 

carried out considering that radon ingress into a dwelling is 

reduced if the pressures under the slab are lower than those 

in the space above (HC, 2010). The study includes the 

analysis of different parameters that may affect the 

transmission of pressures: average extraction velocity, 

permeability and porosity of the soil, the existence of 

cracks in the slab and their definition characteristics, the 

existence of intermediate foundations that may interrupt the 

flow, and the existence or not of a gravel layer under the slab. 

To be able to compare results, several control points are 

established in the simulation model, coinciding with the 

measurement points established in the slab of the experimental 

model. On the other hand, in the experimental prototype, the 

extraction speed and flow rate control has been previously 

carried out to establish the different working frames (sets). 

The software used, COMSOL Multiphysics, develops the 

advection transport equation in two parts (COMSOL, 2020): a 

velocity calculation as a function of porosity, permeability, 

dynamic viscosity, and pressure gradient (equation 2), and a 

flow calculation from the density applied to the flow 

represented by the velocity (equation 3). 

�⃗� =
𝑘

𝜇
𝛻𝑃  (2) 

∇.(ρ �⃗� ) = 𝑄𝑚   (3) 

The calculations are carried out in stationary mode, 

considering that once the extraction system is started up, 

pressures tend to stabilise. 
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III. MATERIALS AND METHODS

The experiments are carried out on a concrete slab located 

within the facilities of the Eduardo Torroja Institute in Arganda 

del Rey. With a surface area of 64 m2, the slab is divided into 4 

quadrants. Two of them are directly supported on the ground 

and two of them are built on a gravel surface. The details of the 

performance are described in (Frutos et al., 2020). As a 

guideline for the simulation, measurements of soil permeability 

of 4±2 10-12 m2 on average were taken under another slab with 

similar general characteristics, although the soil has a very 

heterogeneous composition. The gravel layer has a permeability 

of (9±3.5) 10-8 m2, according to laboratory tests (Fuente et al., 

2019).  

The slab is equipped with a system of tubes that allows the 

placement of a differential pressure measurement sensor system 

developed by the Torres Quevedo Institute of Physical 

Technologies (Sicilia et al., 2019). To carry out the 

depressurisation experiments, the slab (Fig. 1) is equipped with 

an extraction system by means of two independently operating 

sumps (marked in Fig. 1 as External and Internal sump), and 

central points for the arrangement of an autonomous extraction 

system (in Fig. 1, Cylindrical collectors). In the analysis of the 

present work, only the extraction from the central points will be 

considered. 

Suction is provided by a vacuum system with adjustable 

power (Fig. 2 a), and each slab quadrant is monitored at 9 points 

by differential pressure sensors (Fig. 2 b). 

Fig. 3 shows the geometry of the model used, which 

represents the experimental slab. It has four quadrants, 

perimeter kerbs and an intermediate spacing simulating an 

internal foundation. Several tests are carried out to see the 

influence of the size of the surrounding soil on the results of the 

model. The aim is to use the minimum possible terrain volume 

to reduce computational times, but without losing accuracy in 

the calculation. The results determine a minimum ground 

surface bounded by an area of 5 metres with respect to the slab 

edges and a depth of 10 metres. 

The starting condition is a pressure of 0 Pa both at the surface 

and in the volume of the soil. Table 1 shows the default 

properties assigned to each of the materials. For the simulations 

with cracks, the existence of a concrete shrinkage fracture is 

considered, which would take place perimetrically at all joints 

of the quadrants with the foundation kerbs. 

Fig. 1. Experimental device. Full-scale slab in Arganda del Rey. Source: 
Sicilia et al., 2021. 

a) b) 
Fig. 2. (a) Air extraction process for depressurisation. Polystyrene enclosures contain the differential pressure sensors. b) Differential pressure sensor 

module. 

Fig. 3. Simulation model. In red, the measurement points whose data 
will be used for the elaboration of the graphs. In blue, extraction point. 
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 The simulations are carried out in two phases. In the first 

phase, the basic parameters for the operation of the model are 

defined, varying the dimensions of the terrain, the definition of 

its walls, or the inclusion of gravity effects. In the second phase, 

parametric sweeps are performed to analyse the influence of 

each of the parameters that can be found in real buildings: 

permeability of the terrain, presence of fractures, different 

points and flow velocities/extraction flows, etc.  

Finally, the data are compared with the data collected on the 

slab in order to perform a calibration of the model. 

IV. RESULTS AND DISCUSSION

This article presents the results of the simulation of the 

generation of a pressure field by the extraction of air from one 

of the quadrants of the slab built on gravel (Gravel 1 quadrant). 

The points on a cut-offline between the outer corner of the 

extraction quadrant, Gravel 1, and the outer corner of the 

diagonally symmetric quadrant, Earth 2 (Fig. 3) will be used as 

a reference for the graphs. 

A. Initial values of actual experimentation

For the analysis of the behaviour of the slab, the values

measured on the actual slab will be taken. The extraction is 

performed at the maximum flow velocity measured in the 

quadrant (Gravel 1, V4), with a value of 3.97 m/s (table 2). A 

more complete analysis of the field data can be found in the 

article (Sicilia et al., 2021). 

B. Variation of extraction speed.

A study is carried out on the model by varying the extraction

velocities with suction in the Gravel 1 quadrant. 

The structure is dimensioned for a dead load of 5.95 kN/m² 

and a live load of 1.5 kN/m². A frame is chosen from this 

construction in order to perform its structural analysis under the 

post-earthquake fire action using the ISO 834 standard fire 

(1999) for 4 hours. Fig. 8 illustrates the geometry of the frame 

as well as the fire scenario. Only three sides of the structural 

elements were exposed to fire. 

Fig. 4 shows how, thanks to the gravel layer, the pressure 

field expands rapidly to all points in that quadrant, with very 

little pressure loss along the entire diagonal. The pressure 

generated can penetrate the central foundation in the ground but 

is rapidly lost as it moves away from the point of extraction to 

the point of having values close to 0 at a distance of 6 metres. 

It can also be observed that the pressure is lost very quickly as 

it crosses the foundation lines, both the inner and the outer ones. 

TABLE I 

DEFAULT VALUES OF MATERIALS USED FOR SIMULATION 

STUDIES 

Porous matrix Fluid 

Permeability Porosity Dynamic 

viscosity 

Density 

[m2] Kg/(m·s) Kg/m3 

Air 7.5 E-7 1 1.74 E-6 1.293 

Ground 1 E-11 0.25 1.74 E-6 1.293 

Concrete 1 E-15 0.2 1.74 E-6 1.293 

Gravel 5 E-8 0.4 1.74 E-6 1.293 

Crack 1 E-8 1 1.74 E-6 1.293 

TABLE II 

PRESSURE DISTRIBUTION IN THE EXPERIMENTAL SLAB. 

EXTRACTION IN GRAVEL QUADRANT 1, AT MAXIMUM VELOCITY 

AND FLOW RATE. 

SETUP 3 - V4 

-82.0 -89.7 -90.4 -25.3 -26.1 -7.2

-87.3 -92.1 -91.6 -25.9 -25.6 -26.6

-90.0 -91.9 -96.4 -25.6 -26.6 -26.9

-16.6 -29.2 -30.2 -16.2 -12.3 -10.9

-6.7 -16.6 -17.2 -11.5 -9.3 -7.7

-6.5 -7.3 -7.8 -9.4 -7.3 -4.6

TABLE III 

AVERAGE VELOCITY AND FLOW RATE PARAMETERS OBTAINED IN THE EXPERIMENTS ON THE REAL SLAB 

Type of surface under 
quadrant 

V4 Q4 V3 Q3 V2 Q2 V1 Q1 

[m/s] [m3/h] [m/s] [m3/h] [m/s] [m3/h] [m/s] [m3/h] 

SETUP 1 Floor 1 2.21 62.49 1.82 51.46 1.38 39.02 1.01 28.56 

SETUP 2 Soil 2 2.16 61.07 1.04 29.41 1.42 40.15 1.80 50.89 

SETUP 3 Gravel 1 3.97 112.25 3.35 94.72 2.96 83.69 2.30 65.03 

SETUP 4 Gravel 2 3.80 107.44 3.28 92.74 2.66 75.21 2.20 62.20 

Fig. 4. Variation of the extraction speed and pressure measurement on the 

G1-T2 diagonal. 
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C. Variation of soil permeability

Typical values for a soil in its natural state range from 4. 10-

11 m2 for sandy soils to 10-14 m2 for clay soils (Nazaroff et al., 

1988). We limit the permeability analysis to 10-12, 

corresponding to a loamy soil. Very poorly permeable soils 

confine the gravel layer, increasing the pressure in the gravel 

layer to extremely high values. Reducing the permeability of 

the soil from 10-11 to 10-12 generates a 10 times higher 

pressure field in the gravel layer. 

D. Crack width variation

Cracks usually occur in the joints of building elements. As 
they have a very high permeability, much higher than that of the 

building elements, they are a source of radon ingress into the 

interiors. Fig. 6 shows how the pressure field distribution is 

affected by the presence of a perimeter crack inside the slab 

quadrants. The default permeability of the crack is estimated at 

10-8 m2, assuming a crack with discontinuity and the presence 
of dust and filler materials in some of its sections.

If we compare the pressure values of the minimum crack with 

those obtained in the slab without cracks (Fig. 4, maximum 

velocity), we see that a small crack of one hundredth of a 

millimetre can reduce the pressure field in the gravel layer by 

about 5%. As the size of the crack increases, the system 

becomes less and less effective and the pressure range is 
drástically reduced. 

E. Variation of crack permeability

Crack permeability represents the continuity of cracks along

the entire fracture. In the case of a clean, open crack, it would 

have the same permeability as the air of which it is composed. 

A dirty crack, with filler materials or discontinuities, would 

have a lower permeability. The analysis is carried out with a 

crack width of 1 mm. As can be seen in Fig. 7, the permeability 

of the crack is decisive in establishing its influence on the 

pressure system. 

F. Model calibration

Based on the above parameters, a first calibration of the

model is carried out. In the visual examination, small cracks are 

visible on the surface, although they are not distributed around 

the perimeter, and their continuity in depth is unknown. We 

adjust the model with a crack of 0.1 mm and permeability 10-8 

m2, as well as a ground permeability of 3.5. 10-11 m2. We 

extract data from all quadrants for comparison with the 

empirical data (table 4). 

As can be seen by comparing table 2 and table 4, the values 

in both gravel and earth quadrants are quite similar. Through 

simulation we can understand in more detail how the pressure 

transmission process takes place (Fig. 8). 

Fig. 5. Permeability variation and pressure measurement on the G1-T2 

diagonal. 

Fig. 6. Variation of the width of a perimeter fracture at quadrant edges and 
pressure measurement on the G1-T2 diagonal. 

Fig. 7. Variación de la permeabilidad de una fractura perimetral en los 

bordes de los cuadrantes y medición de presión en la diagonal G1-T2. 

TABLE IV 

PRESSURE DISTRIBUTION IN THE SLAB MODEL. EXTRACTION IN 

GRAVEL QUADRANT 1, AT MAXIMUM VELOCITY AND FLOW 

RATE. 

-87.4 -87.8 -88.0 -23.6 -23.4 -23.2

-87.9 -88.6 -89.3 -23.7 -23.4 -23.2

-88.2 -89.4 -92.1 -23.7 -23.4 -23.2

-31.3 -38.92 -34.9 -20.1 -14.7 -10.2

-13.1 -17.86 -16.6 -12.2 -9.2 -5.6

-5.7 -7.88 -7.6 -6.9 -4.8 -2.9
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V. CONCLUSIONS 

As can be seen from the results, a fundamental factor when 

designing a depressurisation system is the permeability of the 

space under the slab. Fig. 5 shows how a low permeable 

material would help to increase pressure transmission if there is 

a permeable layer (gravel) under the slab but would be very 

ineffective in spaces where there is no permeable surface.  

The presence of foundations means that the flow must pass 

through or around a very low permeable material, such as 

concrete, having a similar effect to that of the ground, with a 

large pressure drop. In the prototype, the foundation has been 

designed as a continuous element, but the development of 

simulation models would make it easier to analyse the effect of 

discontinuous elements or those containing a space of greater 

permeability that allows the flow to pass through.  

On the other hand, we found that the condition of the slab, 

especially with regard to the joints between construction 

elements, plays a decisive role in the proper functioning of the 

depressurisation systems. In the simulation of the slab, we 

observed that with clean cracks larger than 1 mm, it is not 

possible to guarantee depressurisation at all points of the slab. 

The influence would be reduced in the case of dirty or poorly 

permeable cracks. However, the difficulty of locating and 

determining the characteristics of all cracks makes it advisable 

to establish efficient sealing systems by default.   

By simulating the flows and pressures, we can determine the 

pressure plane generated under the building (Fig. 8), and we can 

detect possible points where the appropriate pressure is not 

reached. Similarly, the analysis of the simulation allows us to 

check the influence of the characteristics of the building form, 

such as the presence of gravel or cavities under the slab and the 

barriers formed by the foundations (Fig. 9). The design of the 

suction system must be such that it allows the best distribution 

of pressures. 

The study presented in this article represents a first 

approximation to the analysis of radon gas movements under 

the sill, being in many cases sufficient the establishment of a 

depressurisation layer. However, further development of the 

transport model is needed to include radon diffusion, radon 

generation and radon decay terms. For some sites and buildings 

these terms are critical in the design of a mitigation system and 

are essential for estimating the effective reduction of indoor 

radon concentrations. 
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