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Abstract: Radon (Rn) is the largest natural
source of ionizing radiation and exposure
to high levels of this gas and its short-lived
offspring over prolonged periods can become
a public health problem. Radon exists in
soils and building materials and can enter
buildings by convection through cracks in
the envelope or by diffusion through the
envelope itself when it is porous, reaching
concentrations above the recommended
reference levels. The aim of this article is to
present the factors that most influence the
potential of radon gas in buildings and to
indicate the main technological solutions for
controlling, reducing and mitigating its effects.
Calculations are presented showing that the
proper sizing of membranes and ventilation
systems ensures indoor air quality, whatever
thelevel of radon in buildings. The conclusions
highlight the importance of ventilation
technologies in radon reduction systems, as
well as their effectiveness in both preventing
radon gas from entering and reducing its
concentration once it has entered the building.
Also noteworthy is the ability of protective
barriers to insulate the building envelope,
provided they are properly sized with the
appropriate mechanical characteristics, with
a special focus on installation requirements.
Finally, the main future developments are
outlined, with a view to ensuring greater
sustainability of the materials, products and
protection systems used.
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INTRODUCTION

The problem of radon has been the subject
of many research studies and interventions
around the world (Khan et al. 2019). In order
to minimize this problem, there are publica-
tions dedicated to various mitigation systems,
such as barriers from protection (Jiranek
n/d), ventilation under the first floor (Scivyer
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2012), positive pressurization and depressuri-
zation systems (Scivyer 2013ab), among other
solutions. Similarly, research studies on cons-
truction materials used in buildings where
exposure to ionizing radiation is not negligi-
ble are also available in the scientific literatu-
re (Aladeniyi et al. 2021), (Baeza et al. 2018),
(Domingos et al. 2021), (Madruga et al. 2019),
(Mustonen et al. 1999), (Pereira et al. 2012),
(Pereira et al. 2013), (Ramadan and Ubeid
2018), (Siegesmund al. 2022). The presence
of radon in water has also been the subject
of several studies (Di Carlo et al. 2019), (EPA
2012), (Martins et al. 2019).

Radon (Rn) emanates from soil rocks as a
result of the radioactive decay of natural ele-
ments such as uranium and radium, which
causes the release of energy. The migration of
radon in the soil, resulting from the mechanis-
ms of diffusion (transport, dragging through
the porous volume of the soil), emanation (es-
cape through interstitial spaces) and exhala-
tion (release into the atmosphere through the
soil surface), is influenced by the permeability
of the soil, taking into account various factors,
including porosity, the degree of cracking,
its composition, granulometry, temperature
and pressure gradients and moisture content,
among others (Thu, Thang and Hao 2020).

Although radon can also exist in building
materials, the radon flux from the ground is
about two orders of magnitude higher than
that from building materials, with the con-
tribution of the ground to the radon concen-
tration inside buildings being about 80% and
building materials only the remainder (Swiss
Radon handbook, 2000). It should be noted,
however, that the results of radon concentra-
tion in building materials also show great va-
riability (Nuccetelli, Leonardi, Trevisi 2020).

The scope of this article is to list the factors
that influence the level of radon in buildings
and to present some technological solutions
that make it possible to control, reduce and
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mitigate the effects of radon gas in buildings,
highlighting the importance of protective bar-
riers and ventilation in fulfilling this objective,
with a focus on compliance with good cons-
truction rules during the installation of these
solutions, in order to guarantee the protection
of people from radon.

FACTORS INFLUENCING RADON
CONCENTRATION

The concentration of radon inside buildin-
gs can vary depending on a number of factors,
the most important of which is the type of soil
and its permeability, where the concentration
can be 1000 times higher than inside. Howe-
ver, climatic conditions, the characteristics of
the building and the permeability of the sur-
roundings can also be very relevant to changes
in radon concentration in the same building
and its variability between different buildin-
gs on the same site, respectively (Linares and
Ortega 2020).

Soils derived from granitic rocks are gene-
rally associated with greater radon production
capacity. On the other hand, the permeability
of soil determines how easy it is for the gas to
migrate, controlled in particular by porosity
and its type, cracking and water content.

Given the higher density relative to air,
the concentration of radon is usually higher
in spaces located close to the ground (grou-
nd floor, basements and semi-basements).
However, other factors, such as exhalation
from existing building materials, unsealed in-
terior communications (such as a continuous
staircase between the basement or ground flo-
or and the top of the building, without lan-
dings or fire doors at landings, and elevator
shafts), which allow the gas to rise by chimney
effect (when the temperature inside is higher
than outside) and can lead to its accumulation
if there is inadequate ventilation.
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The location of the building and the direc-
tion of the prevailing winds also influence the
level of radon in buildings. There are cases in
which the pressures generated by the wind
can either promote the transport of the gas
through the soil (if it is permeable) to the in-
side of basements, or, on the other hand, and
in most cases, dilute and drain the radon to
the outside (due to the increased ventilation
caused by the association of positive pressures
on the windward fagades and lower pressures
on the other fagades).

The type of foundations is also a relevant
factor, as ventilated air vents reduce the amou-
nt of radon entering the building’s living area.

The air permeability of building floors, par-
ticularly near the ground, has a major influen-
ce on the flow of radon gas from the ground
into the interior of built spaces.

The type of partially or fully buried ba-
sement walls and their permeability also in-
fluence the entry of radon.

Transfer to the inside of buildings is ob-
viously greater in the absence of protective
barriers, with cracking (in conjunction with
humidity) and the porosity of the constituent
materials (site rock, brick, stone, mortar) of
floors and ceilings.

The type of intermediate flooring that se-
parates basements from the floor immediately
above and below is as important as the greater
the concentration of radon on the lower floors,
with the most unfavorable case being wooden
floors (or their derivatives), which have joints
between the boards, or false ceilings that are not
completely watertight (Real et al. 2020a). On
the other hand, monolithic or lightened rein-
forced concrete slabs, or lightened slabs with
prefabricated elements (e.g. beams and vaults)
are the least permeable to radon, provided that
there are properly sealed joints, resulting from
the slab being crossed by several pipes, and that
there is no cracking in the floor’s constituent
materials (Real et al. 2020a).
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Openings between basements and upper
floors also play an important role in radon
transport if they are insufficiently airtight
(Real et al. 2020a). Doors with air permeabi-
lity class C or D, according to EN 12207, are
suitable from the point of view of airtightness
(Linares and Ortega 2020), contributing to
the reduction of radon concentration.

In any case, whether it’s foundations, walls
or floors, you should opt for building mate-
rials that exude less radon and are more sus-
tainable, meeting the appropriate mechanical
and structural strength requirements.

MAIN MITIGATION SOLUTIONS

MEMBRANES

A protective barrier or membrane con-
sists of a continuous laminar element made
of flexible plastic or composite material, pla-
ced between the space to be protected and
the ground, and whose effectiveness can be
demonstrated. These membranes can also act
as a barrier against the capillary rise of groun-
dwater (Real et al. 2020ab).

The most important requirements to gua-
rantee the effectiveness and durability of the
membranes are as follows:

« Quality installation in continuity, wi-
thout cracks, with sealed joints and abut-
ments, using pre-formed components or
compatible products, particularly in situ-
ations where pipes, columns and pillars
cross (Real et al. 2020ab), (Linares and
Ortega 2020).

 Application with guaranteed resistan-
ce appropriate to its use.

« With a technical specification that in-
cludes a set of performance characteris-
tics, supported by documentation issued
by qualified entities, including essential
test results (radon diffusion coefficient,
dimensional characteristics, reaction to

fire classification, water vapor transmis-
sion, tensile properties, tear resistance
and content, emission and/or release of
hazardous substances), among other cha-
racteristics specific to the type of mate-
rials that make up the membranes.

o Adequate durability for the useful life
of the building, not less than 25 years.
Below are typical illustrations of the ins-
tallation of membranes below and above the
floor slab, figures 1 and 2 respectively. The
installation shown in figure 1 is typical of
installation in new buildings, while figure 2
is more representative of installation in exis-
ting buildings, above buried basements (with
a periscopic opening for ventilation). Other
examples would be possible, such as installa-
tions over an air gap, over suspended floors,
complemented or not by the installation of
membranes on exterior or interior walls.

Methodology for sizing the radon
protection membrane

The membrane must have a thickness and
diffusion coefficient such that the radon flux
on its surface (E) is less than a given threshold
value (E, ). This is expressed in Bq/m*.h and
is determined by the following expression
(DBHS6 2019):

Eiim = Ca ‘% (1)

in which:

C,is the design concentration, which
corresponds to 10% of the reference level
([Rn]=300 Bq/m?);

Q is the ventilation flow rate of the premi-
ses to be protected (m’/h), which depends on
the volume of the space and the air renewal
rate. If the value of the ventilation rate is not
defined according to the type of room (be-
drooms, kitchen, bathroom) or is unknown, a
minimalist flow calculation corresponding to
0.1 renovations/hour can be considered;
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1. New floor covering

. Concrete floor

. Regularized screed
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. Radon barrier membrane

6. Cleaning concrete layer (if any)
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10. Radon protection band (if possible)

11. Brick mansonry (or dressed stone)

Figure 1 - Membrane under the slab applied to the ground (new buildings)
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Figure 2 - Membrane on the slab applied over a buried or semi-buried cellar




A = V/h, is the surface area of the mem-
brane (m?), equivalent to the area of the com-
partment to be protected, V the volume and h
the height.

In the absence of specific studies, the pre-
dicted radon flow rate through the barrier (E)
can be estimated from the following expres-
sion (DBHS6 2019):

310541

E =

sinh& (2)

in which:

A is the decay/disintegration constant of ra-
don (7.56 x 10°h!);

sinh is the hyperbolic sine;

d is the thickness of the barrier, in m;

lis the linear dimension of the radon pene-
tration into the barrier, in m, calculated accor-
ding to equation (3) (DBHS6 2019):

3600-D
1= [ 3)

where D is the diffusion coeflicient of the
radon barrier (in m?/s).

When the value of radon exhalation from
the ground (C) is known, eq. 2 is replaced by
eq. 4 (CSN, 2019):

E=%2% (Bg/m?h) (4)

smh?

in which:
a is the safety coefficient, which can take
the following values:

a. For basement walls in contact with
permeable soil or backfill: a=1;

b. In other cases: a can be obtained from
Table 1, depending on the air permeabi-
lity of the soil and whether or not there is
an additional ventilation system.

Air permeabi- | No additional | With additional venti-
lity of the soil |ventilation system lation system
Natural | Mechanic
Low 2,1 1,5 1,0
Average 3,0 2,0 1,0
High 7,0 4,0 1,0

Tablel - Coefhicient of safety a

Results of the radon protection barrier

sizing

Table 1 shows typical results for membrane
sizing calculations in cases where the radon
flux from the soil is unknown, determining
the thickness d as a function of the membra-
ne’s diffusion coefficient D in order to meet
the condition (E < E_ ). As can be seen from
Table 1, as the radon diffusion coefhicient (D)
of the membranes increases, the thickness
must also be increased to guarantee a satis-
factory result. Thus, for a maximum value of
D=1x10"" m*/s a minimum thickness of 1.3
mm must be guaranteed, while for a maxi-
mum value of D=1x10"2 m*/s a membrane
with a thickness of 140 um is sufficient.

In Table 3, a similar analysis is carried out
to assess radon exhalation from a very per-
meable soil, which allows the same results to
be obtained with the same membranes con-
sidered in Table 2, therefore maintaining the
values of the variables C, Qand E, .

VENTILATION

With the exception of membranes, all ra-
don prevention and mitigation systems in
buildings use passive (natural) or active (me-
chanical) ventilation technologies, particu-
larly in containment spaces, in basement de-
pressurization systems and with ventilation of
living spaces. All of these systems can, howe-
ver, be complemented with the installation of
membranes in order to increase the overall
effectiveness of radon protection, particularly
when the gas level is high.

Ventilated containment space

Ventilated containment spaces, such as an
air gap under the floor (sanitary basement)
or inside double walls, or a rarely used base-
ment, can be used to dilute the radon that fills
this space by means of ventilation, making it
difficult for this gas to flow into the habitable
rooms of the building, thus acting as a radon
containment space. These solutions are appli-
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C, 30
Q 27
E,. 8,1
D 1x10" 1x10" Ix10" 1x10™" 1x10" 1x10" 1x10"
1 0,00690 0,00218 0,00218 0,00069 0,00069 0,00022 0,00022
d 9x10° 1,3x 107 1,2x 103 1,4x10* 1,3x10* 1,4x10° 1,3x10”
E 9,2 7,8 8,6 7,7 8,3 7,7 8,3
E<E,, corljlgﬁ;nt Compliant corljlgllli;mt Compliant corljl(;)allli;mt Compliant corljlc}))ﬁ;nt

Table 2 - Results obtained for a room with a surface area of 100 m*and a height of 2.7 m, without knowing
the radon exhalation in the soil

E, 8,1

Cq 40000 80000 150000 150000 80000 200000 80000
D 1x1071° I1x10" I1x10" 1x1012 1x10"2 1x10" 1x10"
a 7 7 7 7 7 7 7
1 6,90 x 107 2,15x 1073 2,18 x 107 6,90x 10 6,90 x 10 2,18 x10* 2,18 x10*
d 9,3x 1073 1,1x1073 3,2x10° 4,5x 10" 2,4x10* 6,2x10° 2,4x10°
E 8,1 7,5 8,4 7,8 8,2 8,0 8,4

E<E,, cogg?i_ant Compliant corljl(};?i;int Compliant COII;Il(;))?i_ant Compliant CorI:Il(};ﬁ;nt

Table 3 - Results obtained for a space with a surface area of 100 m?and a height of 2.7 m, knowing the

exhalation of radon in a highly permeable, unventilated soil

cable to both new and existing buildings (Li-
nares and Ortega 2020), (Real et al. 2023).

Underground depressurization system

One of the most effective protection tech-
niques for reducing the radon flux in buildin-
gs is underground depressurization, which
consists of a single underground reservoir or
several reservoirs in which exhaust pipes are
inserted to suck up the radon-contaminated
air in the ground and discharge it harmlessly
into the atmosphere (Real et al. 2020ab), (Sci-
vyer 2013b). Extraction can be passive, based
on the chimney effect and the action of the
wind, or active, using an electric fan.

For optimum efficiency, the permeability
of the substrate in contact with the building
(infill layer) should be high and the air perme-
ability of the space in relation to the ground
should be low, so the system should ideally be
supplemented with membranes.

Water drainage systems can be used in a si-
milar way and with practically the same level
of efficiency (Real et al. 2020ab), either by pla-
cing a ventilation duct inserted in a tank for
collecting and pumping rainwater from the
ground, installed in the basement, or by using
perforated drainage ducts, installed under the
first floors, to drain water; in both cases using
a ventilation system consisting of ventilation
and exhaust ducts.

Ventilation in living spaces

Ventilation is necessary to ensure the qua-
lity of indoor air in living spaces and reduces
the concentration of radon. It should be gre-
ater the higher the degree of occupancy;, i.e. it
should be duly proportional to the number of
occupants, taking into account the volume of
the space to be ventilated.

In new buildings, ventilation rates must
comply with IAQ (Indoor Air Quality) regula-
tions, which usually specify minimum ventila-




tion rates depending on the use of the space or
building, and a balance must be ensured with
energy conservation regulations (Linares and
Ortega 2020). For new residential buildings,
Portuguese regulations stipulate a minimum
value for natural ventilation corresponding to
0.5 air changes per hour (RPH) (Ordinance
n.e 138-1/2021).

Figure 3 illustrates the effect of ventilation
to ensure that the radon concentration in the
indoor air of an inhabited space in a building,
located in a risk zone and with the ground
floor in direct contact with the ground, does
not exceed a reference limit considered safe
([Rn] =300 Bqg/m?). The simulation is based
on the transient differential equation for ra-
don concentration, whose solution translates
its temporal evolution C(¢) in a control volu-
me, in Bq/m?*:

C(®) = Coquir + (Co = Coqur) - €™Mt ()

where C 1S the equilibrium concentration
at steady state (i.e., when t> ), in Bq/m’, gi-
ven by:

Cequil = ﬁ (5)

C,is theinitial concentration (t=0) of radon
in the indoor air, V (m?) is the effective volu-
me of the space under study, n (h" or RPH) is
the air renewal rate, which corresponds to a
ventilation flow rate Q= n-V (m?h), and the
other parameters are defined in the figure. The
flow rate E [Bq/(m>h)] is commonly refer-
red to as the exhalation rate and the product
G=E-A (Bg/h) as the radon generation rate. It
should be borne in mind that the deduction of
the basic differential equation and its solution
(Egs. (4) and (5)) are based on the following
simplifying assumptions: (i) the ventilation
flow rate and the radon generation rate are
constant in time; (if) the dilution of the pollu-
tant is perfect, i.e., the concentration of radon
in indoor air is uniform throughout the spa-
ce at any time ; and (jii) the concentration of

radon in outdoor air is considered negligible,
which is plausible for this pollutant, given the
values in indoor air in the cases under study.

The graph in Figure 3 represents the effect
of ventilation in a case of decontamination
(e.g. of a house located in a risk zone that had
been unoccupied and without significant ven-
tilation). On the other hand, Eq. (5) is useful
for determining the design value of the requi-
red ventilation flow rate; in fact, by making it
explicit in #, in h™, it can be written:

G
ﬂmn=§;;7—ﬂ (6)

In the case shown in Figure 3, the objec-
tive was to guarantee C,_ =250 Bq/m’, a ra-
don concentration value lower than the refe-
rence limit ([Rn] =300 Bq/m’), represented
in the graph by the horizontal line with a red
interrupted line. On the one hand, this op-
tion makes it possible to better illustrate the
decontamination effect; on the other hand, it
constitutes an additional safety margin, whi-
ch is advisable at the design stage, given the
great real variability of the radon flux coming
from the ground. Thus, Eq. (6) shows that in
this case, with a radon flux of E=60 Bq/(h.m?),
the minimum ventilation rate required is
n=0.1 h"* (RPH), which is equivalent to a ven-
tilation flow rate of 7.7 m’/h.

Using Eq. (4), and looking at the graph in
Figure 3, it can be concluded that, in this de-
contamination process with that minimum
level of ventilation, the reference limit would
only be reached after 32 hours. However, if
the regulatory requirement for natural ven-
tilation (VN) for new residential buildings is
taken into account, n=0.5 RPH, the deconta-
mination period would be reduced to just 3.85
hours. It can also be concluded that, even in a
very high risk situation, i.e. considering a ra-
don flux 5 times higher, E=300 Bq/(h.m?), the
natural ventilation requirement mentioned
above would be sufficient to guarantee good
IAQ in this living space, in terms of radon
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Figure 3 - Example of the effect of permanent natural ventilation (NPV) in a living space initially conta-
minated with radon
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4. Radon protection barrier
5. Existing floor covering (or primer, if there is none)

. Concrete floor (sill slab)

. Geotextile
. Rockfill
10. Ground
11. Finishing profile

6
7. Concrete cleaning layer (if any)
8
9

12. Brick mansonry (or dressed stone)

13. Radon protection barrier (if possible)

14. Chimney - for vapor dissipation (including radon)

15. Ventilation - vapour dissipation

16. Drainage and vapor dissipation membrane (piton plate that makes
an air gap)

17. Perforated drain pipe

18. Primer (eventual)

19. Separating layer, with gravel or rolled stone, wrapped in geotextile

20. Vapor dissipation box

Figure 5 - Drainage system that can be adapted for radon aspiration with a mechanical fan

concentrations. The graph in the figure also
suggests that a ventilation process, passive
or active, for radon prevention in residential
buildings should be permanent, to guarantee
the safety of occupants in terms of human he-
alth.

In the case of mechanical ventilation, a de-
pression can be produced that favors the en-
try of radon from the ground through cracks
and fissures, so it is recommended to install
complementary membranes and implement
double-flow ventilation (balancing the extrac-
tion flow and the air supply) or increase the
air intake openings in order to reduce their
pressure drop and thus reduce the depression
inside the house (Real et al. 2020a).

In certain situations, particularly in sin-
gle-family homes, a positive pressurization
system can be installed (in multi-family ho-
mes, the pressurization of one room can allow
odors generated in one room to flow to ano-
ther adjacent room with a lower pressure),
which consists of creating a pressure diffe-
rence between the air inside the building and

the underlying ground, in order to reverse the
natural pressure difference. This difference is
usually produced by a ventilation unit located
in the attic, which is used to blow fresh filtered
air into the main compartments (bedrooms
and living rooms) of the living space. The in-
crease in pressure throughout the building
reduces the possibility of radon ingress and
causes dilution and expulsion of radon gas,
which nevertheless enters the building, so it
can also be considered an insulation method
(Real et al. 2020a), (Scivyer 2013b). The ef-
fectiveness of this solution depends to a large
extent on the air permeability of the building
envelope or the room to be protected, which
must be low, so it is recommended to use it in
combination with other solutions, such as wa-
terproofing with a radon barrier (Linares and
Ortega 2020).

Figures 4 and 5 show typical examples of
the installation of ventilation systems comple-
mented by membranes.




CONCLUSIONS

The use of membranes, provided they are
properly sized in terms of thickness (taking
into account the respective diffusion coef-
ficient for radon), makes it possible to limit
the flow of radon coming from the ground
or from materials that make up the building’s
construction solutions (walls or floors).

It is important to note the possible existen-
ce of areas of discontinuity in the membrane
(rupture of the membrane, joints between
membrane elements, joints with building ele-
ments, etc.), which could condition this me-
ans of limiting the radon source.

The example of implementing ventilation
in inhabited spaces shows that the regula-
tory minimum ventilation rate is sufficient to
maintain the concentration of radon in indo-
or air, considering current values of the radon
exhalation rate from a floor of the dwelling
in direct contact with the ground, below the
reference limit ([Rn] =300 Bq/m®). The du-
ration of the transient period that occurs after
the ventilation is activated, until the reference
limit is reached, indicates that the ventilation
should be permanent.

This analysis suggests that, in cases where
the concentration of radon in indoor air ex-
ceeds the reference limit, there may be a more
general health problem due to low ventilation
rates. It is recommended that when selecting a
solution to mitigate indoor air contamination
with radon, the entire health problem of the
dwelling should be taken into account, and
that a technique should be adopted that also
mitigates the health problem, namely the im-
plementation of a ventilation system.

From the above, it is clear that the comple-
mentarity of solutions consisting of protective
membranes and ventilation systems allows for
greater effectiveness in radon protection, gua-
ranteeing adequate indoor air quality.

FUTURE DEVELOPMENTS

In terms of the materials that make up radon
protection systems, future technological develo-
pments should be promoted with a view to:

o Inclusion of nanomaterials in external
barriers or coatings, which also make it
possible to retain contaminants.

« Minimizing radioactive components
in building materials through new com-
positions.

o Development of liquid coatings for
waterproofing building materials that are
sustainable, effective, with adequate re-
sistance and good durability

 Study of more energy-efficient solu-
tions, including the use of lighter and
more efficient materials, whether used in
fans or in energy recovery systems.

o Use of recycled (and more environ-
mentally friendly) materials in radon
protection systems.
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