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Abstract

Reduction of indoor radon concentration in buildings is considered to be an

important public health issue, since radon was recognised as the leading cause of lung

cancer after tobacco smoking by the World Health Organisation. The study of radon

protective measures for buildings has become more important recently, in accordance

with the 2013/59/EURATOM BSS Directive, mandatory since February 2018 within

the member states of the European Union. This thesis work was conceived within

the National Radon Control Strategy for Ireland to investigate the effectiveness

of radon prevention and mitigation measures, with the main aim to determine

specifications for the optimum performance of soil depressurisation systems. For that

purpose, a case study in an experimental house was conducted over a year to test

the ability of active and passive soil depressurisation systems, focused on pressure

field extension and the radon reductions achieved. Complementary laboratory-based

experiments were conducted to examine the properties of granular fill materials used

in the aggregate layer under the slab, which affects soil depressurisation. Main

findings from the work were the permeability characterisation of various standard

granular fill materials within the European context, the distribution of the pressure

induced under the slab and its behaviour as a function of the extraction airflow.

Additionally, radon reductions in relation to the soil depressurisation system features

were quantified. Further, in order to assess the performance of instrumentation for

radon in-air measurements, a benchmark study of radon monitors in a purpose-built

radon chamber was carried out. The key finding from this research was that,

although different radon monitors provide an accurate measurement, response time

to fluctuation in the radon concentration can vary and, therefore, selection of the

appropriate detector should be specific to the application. This work gives an insight

into the understanding of the operation of soil depressurisation systems and the

resulting findings contribute to specifications for optimum radon protection by soil

depressurisation within an European context, which can potentially inform revision

of the building regulations.
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Chapter 1

Introduction

Radon 222Rn is a naturally occurring gas formed as a decay product of radium
226Ra, which belongs to the uranium 238U radioactive decay series (see Figure 1.1).

Radon is a radioactive alpha-particle emitter noble gas, it is generated after several

disintegrations from 238U, i.e., the most common natural isotope of uranium. Traces

of both radium and uranium are present in the soil and rocks of the Earth’s crust,

in varying amounts depending on their nature and composition, and thus provide a

continuous radon source.

Radon is colourless, odourless and tasteless, and its half-life is approximately

3.8 days. There are two more naturally occurring isotopes of the Rn element:

thoron 220Rn and actinon 219Rn; which belong to the thorium 232Th and uranium
235U decay series respectively. Their half-lives are shorter when compared to 222Rn,

thoron has a half-life of 55.6 s and actinon has a half-life of 3.96 s. Due to this

fact, 222Rn is normally the only isotope considered and it is the one called radon

(Quindós et al., 1994; Audi et al., 2017).

Because of its noble gas character, radon has a stable atomic structure

and it is chemically inert. Hence, its behaviour is determined by physical

processes instead of chemical interactions. This property along with its half-life

and its gaseous nature make it highly mobile, being able to migrate from its

origin and release into the atmosphere. Emanating from rocks or soil, radon can

move through interconnected pores and reach the ground surface where it is exhaled.

In the outdoor environment radon levels are not considered a health hazard

because the radon that diffuses into the atmosphere normally disperses rapidly.

However, if radon gas enters the air space of a building or a cavity it can be
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Chapter 1: Introduction

accumulated, causing an elevated indoor radon concentration, which can lead to

health risks due to high radioactive dose when inhaled. The average outdoor radon

concentration is estimated globally between 5-15 Bq/m3 (Gunning et al., 2014).

Indoor radon concentrations can be significantly higher and vary widely depending

on different factors such as the underlying geology, atmospheric conditions or

the building characteristics. The global average indoor radon concentration is 40

Bq/m3 according to UNSCEAR (2000), but in Ireland the national average indoor

radon concentration for homes is 77 Bq/m3 (Dowdall et al., 2017). Large range

variations of indoor radon levels have been reported, a concentration of 49,000

Bq/m3 was measured in a dwelling in Castleisland (Ireland) and it is among the

highest recorded in the world (Organo and Murphy, 2007).

Figure 1.1: Diagram of 238U decay series from 226Ra element, modified from

Quindós (1995).
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Chapter 1: Introduction

Radon is the largest source of exposure to ionising radiation for the general

public and the second greatest cause of lung cancer only after tobacco smoking,

according to the World Health Organization (WHO). The WHO identified

radon as a carcinogen agent in 1986 (Pacheco-Torgal, 2012) and it has been

shown to cause lung cancer through the inhalation of its short lived alpha decay

products, such as alpha emitting 218Po and 214Po, which induce pulmonary cell

DNA damage (WHO, 2009). In the European Union alone, radon in homes is

responsible for around 20,000 lung cancer deaths each year (Darby et al., 2005)

and in Ireland, it is estimated that radon exposure accounts for approximately 14%

of all lung cancers; this equates to 300 cases per year approximately (NRCS, 2019a).

To regulate indoor radon exposure, a reference level was defined. This level

represents the annual mean radon concentration in a home above which it is strongly

recommended to reduce the occupants’ exposure, but it does not define a rigid

boundary between safety and danger (WHO, 2009). International organizations

recommend different indoor radon concentration thresholds, the International

Commission on Radiological Protection (IRCP) recommends a reference level for

radon gas in dwellings of 300 Bq/m3 and WHO proposes a reference level of 100

Bq/m3, but also specifies that if this level cannot be reached in some countries,

the chosen reference level should not exceed 300 Bq/m3 (ICRP, 2009; WHO,

2009; Bochicchio, 2011). The 2013/59/EURATOM Basic Safety Standards (BSS)

Directive, mandatory since February 2018, advises that national reference levels

of all European Union Member States for indoor radon concentrations shall not

exceed 300 Bq/m3 (2013/59/EURATOM). The government in Ireland, following the

advice of the RPII (Radiological Protection Institute of Ireland) and the Nuclear

Energy Board, adopted an annual average radon gas concentration of 200 Bq/m3 as

the national Reference Level above which remedial action to reduce indoor radon

concentration should be considered in dwellings (DELG, 2002).

1.1 Radon generation and transport

Radon generation occurs in the radium 226Ra soil grains, the radon atoms that reach

the pore space as a result of the recoil when 226Ra decays can be transported to the

soil surface and then exhaled to the atmosphere (see Figure 1.2). Radon generation

rate G can be defined as:

G =
λRnERρb

ε
(1.1)

3



Chapter 1: Introduction

where λRn is the radon decay constant (2.1 × 10−6 1/s), E is the emanation

coefficient, R is the mass activity of radium 226Ra (Bq/kg), ρb is the soil bulk

density (kg/m3) and ε is the soil porosity.

Figure 1.2: Diagram of processes leading to radon release to the atmosphere,

modified from Ishimori et al. (2013).

The emanation coefficient E is the fraction of the total number of radon atoms

formed from the alpha decay of 226Ra that can escape into the pore volume between

the grains and become free to migrate. Emanation coefficient depends basically on

the soil grain-size distribution, porosity and water content, and has a typical value

of 0.2 for soils (de Oliveira Loureiro, 1987; Nero et al., 1990).

Once in the pore volume, radon can travel across the soil towards the surface

by means of two transport mechanisms: diffusion and advective flow. The diffusive

transport of radon is affected by moisture, porosity and tortuosity, and it can be

expressed by Fick’s law of diffusion in terms of a diffusion coefficient.

Fick’s law of diffusion states that radon flow density is linearly proportional to

its concentration gradient under assumption of a steady state:

φd = −De∇CRn (1.2)

4



Chapter 1: Introduction

where φd is the diffusion flow density (Bq/m2s), De is the effective diffusion

coefficient (m2/s), and CRn is the radon activity concentration (Bq/m3). The

negative sign arises from the fact that radon diffuses from high to low concentrations

(Ishimori et al., 2013).

Radon diffusion coefficient depends on the soil type, pore size distribution, water

content, position and compaction. The effective diffusion coefficient can be described

as:

De = ετDM (1.3)

where τ is the tortuosity factor, which is typically less than unity in soils (e.g. 0.6

for closely packed uniform spheres) and DM is the molecular diffusion coefficient

(m2/s) Ishimori et al. (2013).

Advective transport of radon is influenced by air permeability of the soil,

moisture and pressure gradient, and it can be described by Darcy’s law in terms of

air permeability, which strongly depends upon the pressure differential (Nazaroff,

1992; Chauhan and Kumar, 2015).

Darcy’s law relates the apparent velocity of fluid flow through the soil to the

pressure gradient:

~v = −KD

µ
∇P (1.4)

where ~v is the superficial velocity vector (m/s), KD is the Darcy’s permeability of

the soil (m2) that shows the ability of a fluid to transmit through the soil (porous

material), P is the pressure (Pa) and µ is the dynamic viscosity of the gas-phase of

the soil pores (kg/m·s) (Nazaroff, 1992). The advective flow density φa is obtained

by multiplying Darcy’s velocity by the radon activity concentration in the soil pores

and dividing by the soil porosity (Font, 1997).

φa = −CRn

ε

KD

µ
∇P (1.5)

A general differential equation to describe soil radon transport, considering

diffusion and advection mechanisms, radon generation and the radioactive decay

can be written as (Jiránek and Svoboda, 2007; Muñoz et al., 2017):

∂CRn

∂t
= De∇2CRn +

∇CRn

ε

KD

µ
∇P +G− λRnCRn (1.6)
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Chapter 1: Introduction

1.1.1 Radon entry into buildings

The main source of indoor radon is the soil and geology under the building, but

also, it is generally accepted that a very small percentage is due to building

materials (Pacheco-Torgal, 2012). Thus, radon entry into a building is the addition

of contributions from exhalation from the soil and from building materials (Vasilyev

and Zhukovsky, 2013; Schubert et al., 2018). Another possible source of indoor

radon can be the water supply, but it is usually a negligible contribution.

Initially, radon diffusion through soil and building materials was considered to

be the controlling mechanism of radon entry into buildings. However, indoor radon

concentrations found in many houses were much higher than the prediction based

on the diffusion theory (Minkin, 2002), which led to believe that the extent to

which diffusion through soil pores contributes to radon entry into buildings is less

important than advection.

The dominant mechanism of radon entry from the soil into the indoor air of a

building is pressure-driven airflow (i.e., advection) (Abdelouhab et al., 2010; Jelle,

2012; Chauhan and Kumar, 2015). As air pressure indoors is generally lower than

that in the ground, soil gas in drawn from the ground into the building. Pressure

gradients are created either by thermal difference, due to different indoor-outdoor

temperature, wind effects, household activities or mechanical ventilation systems

and foster the soil gas to flow into dwellings through joints, gaps and other leakage

routes existing in the foundation structures (Turk et al., 1991; Arvela, 2001;

Collignan et al., 2012). Typical ingress routes for radon are through cracks in walls

and floors, construction joints, wall cavities and gaps around service piping and

cables. Some examples of key entry routes for radon are shown in Figure 1.3.

Indoor radon concentration is affected by different factors such as the ground

potential, which is the ability of the soil to generate and transport radon, and it

is determined by the content of radium in the soil, the emanation coefficient, soil

permeability, porosity and moisture content among others. The characteristics of

the building, including airtightness of the foundation, and the ventilation or air

exchange rate, related to the occupancy behaviour and atmospheric conditions, also

influence indoor radon concentration (Makelainen et al., 2001; Wang and Ward,

2002). Normally, radon is not a problem in the upper stories or high rise buildings,

as it comes from the ground and is a gas heavier than air, it tends to accumulate in

the lower levels (DELG, 2002).
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Chapter 1: Introduction

Figure 1.3: Possible radon entry routes, modified from Nilson (2017).

1.2 Radon prevention and mitigation

Radon prevention and mitigation are aimed at reduce indoor radon levels to the

lowest concentration possible in order to achieve an overall risk reduction in the

population (Angell, 2011). Measures for radon reduction are based on either

preventing radon entering the building or removing it after entry. Radon prevention

refers to the radon control measures that can be taken during the construction of

new buildings, while mitigation or remediation deals with reduction of radon in

existing buildings (DELG, 2002).

The correct design and installation of prevention and mitigation measures must

provide radon reductions below the reference level. The appropriate radon control

system for a particular building depends on the site and building conditions, which

must be considered in the design, along with compliance with a series of requirements

to assure safety, durability and functionality during the building expected life. The

design criteria also requires that the system should be quiet and unobtrusive for the

occupants, its performance should be easy to monitor and the costs of installation,

operation and maintenance low (WHO, 2009; EPA, 2019).

1.2.1 Prevention and mitigation techniques

There are different strategies to address radon prevention and mitigation.

Techniques to prevent radon entry and limit infiltration due to pressure-driven

airflow include sealing of entry routes into the building, installation of barriers or
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membranes and soil depressurisation (SD) (e.g. radon sumps), which is used to

draw radon away before it can enter the building by reversing the pressure gradient

between the soil and the building. To remove radon once it has entered the building,

the common technique employed is ventilation (e.g. natural ventilation of living

spaces) that allows dilution of indoor radon concentration with external air.

Sealing entry routes

This strategy involves sealing the possible infiltration pathways through which

radon ingress is produced, including all cracks, gaps, joints and pipe penetrations

in the building foundation, floors and adjoining walls. Sealing radon entry routes

contributes to obtain higher airtightness of the building envelope, which prevents

radon entry due to pressure-driven airflow from the soil to the indoors (EPA, 2001).

The sealant materials used for this purpose require specific characteristics, for

instance, being flexible and permanently elastic, to avoid any cracks to reappear

as a consequence of building settlement over time, and being able to adhere to

different type of surfaces. Among the high quality sealant materials employed are

silicone, polysulphide and polyurethane (DELG, 2002).

This technique can be very demanding as radon is able to enter the indoor air of a

building through openings that are too small to locate and effectively closed off and

thus, only satisfactory results are found when entry routes are almost completely

sealed (Holmgren and Arvela, 2011). Sealing entry routes has limited potential as

a stand-alone radon prevention strategy, but it can improve the performance of

other protection strategies. Therefore, it is recommended to use this method in

combination with other protection techniques (WHO, 2009).

Barriers and membranes

This radon protection measure involves provision of a radon barrier such as a

membrane of a radon proof material between the soil and the indoor space of the

building to limit radon entry. In order that radon barriers and membranes are

effective, they must be installed airtight, but this is normally difficult to achieve

under common construction practices (Angell, 2011).

Characteristics that should be taken into account in the design and installation

of radon barriers include the diffusion coefficient, which determines the resistance to

radon, strength, durability and thickness (Jiránek and Hulka, 2001; WHO, 2009).
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In many cases, damp-proof membranes used for moisture can provide a sufficient

radon-proof barrier if well installed (Holmgren and Arvela, 2011).

The installation of radon barriers and membranes requires special care at

joints, pipe penetrations and connection to walls so that airtightness is achieved

(Frutos Vázquez, 2009) (see Figure 1.4). Damage during installation should be

avoided in all possible ways, as imperceptible holes could act as a trap to funnel soil

gas into the building (Angell, 2011).

Figure 1.4: Example of a multilayer comercial radon-proof membrane (Monarflex)

and diagram of installation, extracted from (EPA, 2001).

This technique can be used as a stand-alone strategy to reduce radon. However,

as barriers do not address pressure-driven airflow, they should be used together with

other radon protection measures and not as the only measure against radon (Angell,

2011).

Soil depressurisation

Soil depressurisation is a radon protection strategy that focuses on reversing

the pressure gradient between the soil beneath the building and the indoor

space, as advection is the primary driving force for radon entry (DELG, 2002).

Depressurisation is created under the slab in such a way that radon can be drawn

out before it enters the indoor air of the building (see Figure 1.5).

Soil depressurisation systems (SDS) consist of three basic components: a suction

point located below the slab and connected to a continuous and uniform permeable

aggregate layer, an exhaust pipe to extract soil gas and a means of extraction

(WHO, 2009). The suction point of a SDS is normally a sump, which can be dig

out through the slab or the foundation walls; an alternative to the radon sump is
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placing drain perforated pipes in the aggregate layer beneath the slab. Depending

on the extraction method, SDS can be classified as active or passive. A mechanical

extractor (e.g. an electrical fan) can be used in the case of forced extraction (active

SD), while for natural extraction (passive SD) there are different types of chimney

cowls (Holmgren and Arvela, 2011). Active SDS are generally installed with a

mechanical fan which maintains a constant depressurisation beneath the building,

but passive soil depressurisation is obtained naturally by means of thermal buoyancy

and wind effect (Diallo et al., 2015).

Figure 1.5: Diagram of the working principle of a soil depressurisation system; red

arrows indicate radon flow.

There are many variations of SDS and in the design of a specific SDS

configuration, the building and foundation characteristics should be considered.

Among the factors that influence SD effectiveness are building airtightness,

aggregate layer and soil permeability, location and size of sumps or pipes,

exhaust pipe diameter and height, and type of extractor (natural or mechanical)

(Abdelouhab et al., 2010).

Active and passive soil depressurisation contribute both to dilute radon in the

air space under the slab and to prevent the transfer of radon due to the advective

soil gas flow from the ground towards the building (Holmgren and Arvela, 2011).

SD is a very effective method for radon reduction and, in general, active systems

10



Chapter 1: Introduction

are more effective than passive. However, although the high effectiveness of SDS,

combination with other strategies such as radon barriers is recommended to obtain

better results (WHO, 2009).

Pressurisation

This technique consist in creating an indoor overpressure compared to that in the soil

beneath the building by means of a mechanical fan. Thereby, the normal airflow from

soil gas into the building is reversed and radon is forced to reach the surface through

other routes far from the building, see Figure 1.6 (Frutos Vázquez, 2009). Positive

pressurisation throughout the building reduces radon entry due to pressure-driven

airflow and also contributes to the increase of the air exchange rate so that radon is

diluted (DELG, 2002; Holmgren and Arvela, 2011).

Figure 1.6: Diagram of the operation principle of a pressurisation system, red

arrows indicate radon flow.

To ensure that this technique is effective the building must be well sealed

and relatively airtight. If the building airtightness is high, low airflow provides

sufficient indoor pressure level (Holmgren and Arvela, 2011). This technique is also

a good alternative in some situations where soil depressurisation is not recommended

because it may cause radon extraction in quantity from a wide area. In such cases,

reversing the action of the fan to cause positive pressurisation can be effective in

reducing indoor radon concentration (DELG, 2002).
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Ventilation

Ventilation is a radon protection measure based on the exchange of indoor

radon-laden air and outdoor air to dilute radon and thereby reduce indoor radon

concentration (Angell, 2011). There are two ventilation approaches that can be

considered, improving ventilation of the indoor living areas and ventilation of

unoccupied spaces between the soil and the indoor occupied space (e.g. cellar

ventilation, vented crawlspaces, under-floor vents, ...) (WHO, 2009).

Increasing ventilation of living spaces can be achieved actively by using a

mechanical fan or naturally by opening windows and doors manually, providing air

vents and installing trickle vents through walls or windows (Hodgson and Pudner,

2019). Besides radon reduction due to dilution with outdoor air, ventilation of

occupied spaces also can lower radon concentration by reduction of the pressure

gradient between the soil and the indoor space and so, limiting radon entry due to

pressure-driven airflow (EPA, 2019). On the other side, ventilation of unoccupied

spaces allows interception of the rising soil gas and removal before entering the

building, thereby reducing radon entry (DELG, 2002). To this effect, a strong

current of fresh air to constantly replace the soil gas as it emerges from the ground

is created (WHO, 2009).

Active ventilation can be achieved using three different mechanical systems,

namely exhaust ventilation, supply ventilation and balanced ventilation. Exhaust

ventilation basically consists in extracting air, which depressurises the indoor space

in relation to the soil and outdoors, while supply or positive ventilation tends to

pressurise by blowing air into the indoor space, along as diluting radon after it has

entered. Balanced ventilation introduces and extracts air at similar rates, resulting

in a neutral pressure within the building (WHO, 2009).

This radon protection approach may lead to energy losses during cold seasons or

in extreme climates, but there is the possibility to install a ventilation system with

heat recovery (Angell, 2011). Normally, ventilation on its own may not be effective

to remedy high levels of radon, but it could be used in combination with other radon

protection measures and it also generally improves the overall indoor air quality.

Other methods

Apart from the radon protection techniques described above, other methods to

reduce radon levels in buildings have been used in some countries across Europe,
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such as radon wells, mitigation by soil ventilation through existing drainage piping,

installation of active floor air gap ventilation, use of waterproof concrete instead

of normal concrete and installation double radon-proof membrane (Holmgren and

Arvela, 2011).

Figure 1.7: Diagram of working

principle of a radon well, modified from

(Holmgren and Arvela, 2011)

The working principle of a radon well

is to extract air from soil at a depth of

approximately 5 m within a large area

to reduce radon concentration in the

soil gas, see Figure 1.7. This technique

is effective in high enough permeable

soils, where the effect of a single radon

well can reduce radon levels in dwellings

within a 20-30 m radius (Holmgren and

Arvela, 2011).

1.2.2 Discussion about effectiveness

A review of studies on radon prevention and mitigation interventions around

the globe resulted in a general effectiveness classification of the radon prevention

and mitigation techniques. Among the existing radon prevention and mitigation

techniques, active soil depressurisation system was found to be the most effective

technique, reaching radon reductions up to 60-95% (Jiránek and Svoboda, 2007;

Jelle, 2012; Long et al., 2013; Jiránek, 2014). This was followed by active

ventilation measures and pressurisation, reported to provide reductions of the radon

concentration within 40-80%.

Passive methods, including sealing entry routes, radon barriers and membranes,

and simple ventilation were found to be less effective (Khan et al., 2019). Efficiency

of passive soil depressurisation is typically between 20–50%, and for sealing entry

routes and naturally improving ventilation in living spaces and unoccupied spaces,

radon reductions reported are in the range of 10-60%. Regarding the use of radon

barriers, it is shown that they have a significant failure rate (Synnot et al., 2004;

Denman et al., 2005). Effectiveness reported is varied due to bad installation in

some cases, but if well installed significant radon reduction is achieved. On average,

50% reduction of the radon concentration is provided by a radon-proof barrier with

a membrane (Holmgren and Arvela, 2011; Denman et al., 2018).
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Although active soil depressurisation is the most effective technique, sometimes

it is necessary to combine it with another measures to ensure radon concentration

is below the Reference Level. A typical combination recommended for high radon

areas in many countries is the use of a radon barrier along with acive or passive soil

depressurisation. An overall recommendation to use a combination of prevention

and mitigation techniques is given (Khan et al., 2019).

Soil depressurisation effectiveness

Abdelouhab et al. (2010) performed an extensive experimental investigation on the

ability and efficiency of SDS in a pilot house in France, with dimensions of 9×9 m2

and a 40 cm thick aggregate layer placed below the concrete slab. Ten different

holes were drilled from the slab into the soil to test the induced pressure under

the slab during soil depressurisation operation. As a result of the study, it was

found that passive SDS running time could be mainly during the cold season, later

confirmed in the work of Diallo et al. (2015), and also it was stated that passive

SDS can be much more cost effective than active if a proper design is produced.

Frutos Vázquez et al. (2011) studied the effectiveness of active and passive SDS,

examining also the positioning of the sump and exhaust pipes, in a pilot house

in Spain with dimensions of 5×5 m2 and two radon sumps, one in the centre of

the house and the other at the side. The pilot house was built on a 10 cm thick

concrete slab on top of a 15 cm thick gravel layer. Similar conclusions to those

of Abdelouhab et al. (2010) were drawn from the investigation in the Spanish

experimental house.

Jiránek et al. (1999) studied the impact of air permeability of the aggregate

layer under the slab on the SDS effectiveness in dwellings. It was found that the

lower radon concentration existed for dwellings with higher permeability of the

aggregate layer. The same finding was observed in the work of Pennell et al. (2009)

using computational fluid dynamic (CFD) simulations. As well, the indoor air

concentration was found to be largely dependent on the air permeability of the soil

beneath and surrounding the slab. Therefore, permeability of the soil and aggregate

layer are among the most important factors to increase the effectiveness of a SDS,

as Jiránek (2014) postulated after an experimental and numerical analysis on SDS

effectiveness for remediating existing houses in the Czech Republic.
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In contrast with previous analytical models which simply assumed an SDS as

a homogeneous cylinder layer with impermeable layers at the top and bottom of

the cylinder, Diallo et al. (2015) developed an analytical model to design the SDS

that covered a wide range of boundary conditions such as the thickness of the slab,

permeability of the slab or cracks. They validated the model by comparison with the

data measured from a passive SDS and also confirmed a significant impact of the air

permeability of the slab, soil and aggregate layer, and the environment temperature,

on the efficiency of the SDS.

Impact of energy performance in buildings

Energy retrofit interventions in buildings influence indoor radon concentration.

Evidence from different European countries shows that radon levels increase after

building refurbishment (Jiránek and Kacmarikova, 2014; Ringer, 2014; Collignan

et al., 2016; Meyer, 2019), in particular when involving windows replacement (Long

and Smyth, 2015; Pampuri et al., 2018). However, retrofitting measures including

purpose-provided ventilation compensation, e.g. mechanical ventilation with heat

recovery, can overcome the accumulation of indoor radon and other pollutants

(Collins and Dempsey, 2018; McGrath and Byrne, 2019).

New building concepts in line with the implementation of EU Directive

2010/31/EU on energy performance of buildings, aimed at reaching high energy

efficiency and sustainability, have been implemented in new dwellings (2010/31/EU,

2010). The main characteristics of energy efficient dwellings are high airtightness,

mechanical ventilation systems and high quality insulation, oriented to minimise

energy losses through transmission and ventilation (Ringer and Graser, 2011).

In general, new energy efficient builds present lower indoor radon concentrations

compared to conventional new houses, due to a better airtight building shell being

provided, preventing radon entry, in combination with an appropriate controlled

ventilation system, to evacuate pollutants (Ringer and Graser, 2011; Poffijn et al.,

2012; Ringer, 2014; McCarron et al., 2019).

1.3 Modelling radon entry

Modelling is a powerful tool for studies of soil gas and radon entry into houses. The

equations governing radon generation and transport are reasonably well understood,

as mentioned in section 1.1. Models of radon entry attempt to solve the equations

under different approximations to the physical structure of the soil, entry pathways
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and boundary conditions, either using analytical solutions or numerical methods

(Gadgil, 1992).

Radon entry simulations were developed starting in the 1970s (Yao et al., 2013).

Modelling was initially focused on simple models with one or two spatial dimensions

that only considered advective transport of radon into buildings through a single

and well-defined pathway. Later, these models were expanded to include diffusion

as a secondary transport mechanism, multiple cracks, some simple geological

variations in close proximity to the building foundation and also allowing full

three-dimensional and time dependency (Pennell et al., 2009).

The ultimate motivation of model development is to understand the phenomenon

of radon entry in terms of measurable properties of the soil and house construction

and operation, but the specific near term goals can be different (Gadgil, 1992).

Many models have been developed to characterise the ability and efficiency of

soil depressurisation systems (some examples are discussed below) and there are

also other models intended for more specific studies, such as the impact of slab

thickness, joints and membranes on indoor radon concentration (Muñoz et al., 2017).

Reddy et al. (1991) used an analytical airflow SDS model based on non-Darcy

flow. This model is limited by the assumption that there is no slab peripheral

crack and the sub-slab/soil interface is impermeable, thus, is valid only when soil

permeability is much lower than gravel permeability under the slab. Jelle (2012)

presented an analytical model that may be applied as a tool in the process of

selecting the most efficient and cost-effective measure to achieve a radon level that

is well below the action level set by the authorities. Diallo et al. (2015) developed

an analytical airflow model to the effective design SDS, integrated in a multizone

airflow building code to consider the influence of meteorological conditions, building

characteristics and ventilation systems.

Regarding numerical modelling, Gadgil et al. (1994) and Bonnefous (1992)

used a three dimensional finite element model to study the performance of

SDS, taking into account the diffusive and advective transports in the soil

and the sub-slab gravel. Although this model does not consider the transport

through the slab, only the airflow through the slab peripheral crack, it identifies the

mechanisms and factors contributing to the performance of SDS (Diallo et al., 2015).
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Muñoz et al. (2017) also proposed a finite element model, validated with several

analytical and numerical solutions from the literature, to study the impact of slab

thickness, joints and membranes on indoor radon concentration. The main finding

of this study is that the soil and sub-slab permeability under the dwelling, along

with the sub-slab layer tightness, are the key to extend the pressure field below the

slab.

Wang and Ward (2000) developed a radon entry model for a house with a

cellar using CFD, which is a useful tool based on numerical analysis and data

structures able to solve and analyse problems that involve fluid flows, such as

the radon generation and transport in the soil and its entry through complex

substructures of a building. Other studies also used CFD to simulate radon entry

into houses with different substructures (Akis et al., 2004; Pennell et al., 2009),

leading to several findings related to the factors affecting optimum operation of SDS.

There is also a different approach to model radon, related to indoor

radon measurements in the housing stock and directed towards a geographical

characterization. It normally consists of developing an index to describe the

propensity of housing stock to have high levels of indoor radon and is based on

the use of relevant geological information (i.e. bedrock geology, radium content,

soil permeability, radon emanation coefficient, etc.) combined with indoor radon

measurements and sometimes including characteristics of the housing construction

(Gadgil, 1992; Sainz et al., 2017; Elio et al., 2017).

1.4 Radon in air measurements

Performing a radon measurement is the only possible way to know the radon

concentration and, for that reason, it is recognised that radon testing is essential

to assess the levels of radon in buildings (George, 1996). Measurement of radon in

air can be conducted by means of different detection techniques, depending on the

purpose of the measurement and the type of radon detection device used, which

can be classified into active and passive (WHO, 2009).

The percentage of measured dwellings is low in some countries and could be

increased with policies including legal requirements to test radon levels in new

and existing dwellings. A recommendation to perform radon tests during the

conveyancing process is given in many countries, but it is not normally a legal
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requirement (Gunning et al., 2016). Radon tests are conducted in dwellings or

public buildings commonly due to surveys of radon levels at regional or national

scale, or for diagnosis before and after mitigation works. In general, passive

detectors are used for radon surveys, whereas active radon monitors are used

in radon diagnostic measurements and in quality control programmes (J́ılek and

Marušiaková, 2011).

Radon tests are also discussed in terms of short-term or long-term measurements,

as indoor radon concentration varies over time, including daily and seasonal

fluctuations. To estimate the annual average indoor radon concentration in a

building, tests are required for a period of at least three months and longer periods

are preferred (WHO, 2009). Short-term measurements only can give a first idea

of the indoor average long-term radon concentration, in many cases radon levels

can be either underestimated, due to short-term measurements carried out during

periods when the building had increased ventilation, or overestimated in the

opposite situation (WHO, 2009).

Passive detectors are frequently used to perform long-term measurements while

active radon monitors can be used for continuous monitoring and grab sampling

(Espinosa et al., 2013). Regarding active monitors, there is a great diversity

available in the market based on several detection techniques. Some of them are

designed for homeowners while other are marketed to radon professionals working

in testing and mitigation or for research purposes.

Quality control of the radon detectors is very important to ensure confidence in

the measurement results. The accuracy and precision of all kind of radon detectors

is key to guarantee reliable measurements. In order to evaluate the performance of

different radon detectors both active and passive, comparison exercises are normally

carried out within a controlled radon atmosphere. Active radon monitors traceable

to primary 222Rn gas standards can be used as a reference for quality assurance

comparison exercises (Espinosa et al., 2013).

1.4.1 Passive radon detectors

Passive radon detectors based on different detection techniques have been widely

used to perform measurements of integrated radon exposures and indoor radon

concentration. The most common passive radon detection techniques are etched

track detectors, activated charcoal detectors and electret ion chambers (WHO, 2009;
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Howarth, 2017).

Etched track detectors

The detection principle of etched track detectors is the strike of alpha particles

from the radon and its decay products in the surface of a plastic medium, leaving

microscopic tracks (Howarth, 2017). Passive etched detectors are generally made

of three materials: cellulose nitrate (LR-115), polycarbonate (Makrofol) and, the

most popular, poly allyl diglycol carbonate (PADC), commonly known under the

trademark as CR-39 (Wasikiewicz et al., 2019).

The widely used etched track detectors consist of the track-detecting material,

e.g. CR-39, within a small container that acts as a diffusion chamber, excluding the

entry of radon progeny. Therefore, only the alpha particles emitted by the radon

entering the container and its decay products are recorded in the track detector

(WHO, 2009). After a chemical, e.g. in a NaOH solution, or electrochemical etching

process of the plastic detector, the latent alpha tracks are revealed (see Figure

1.8) and then can be counted by optical microscopy (Miles, 2004; Howarth, 2017).

Generally, an optical microscope with an automated image analysis software is used

to obtain the track density. Once the density of tracks in the detector is known, the

radon exposure and hence the radon concentration can be obtained, by applying a

conversion factor normally given by the manufacturer (De Pin et al., 2016).

Figure 1.8: Diagram of an example of etched track detector diffusion container,

CR-39 track detector and picture of the alpha tracks in the plastic surface seen

through an optical microscope.

The use of etched track detectors provides reliable measurements at a low cost

and thus, it is the most popular passive radon measuring technique (El-Badry and

Al-Naggar, 2018).
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Activated charcoal detectors

This technique is based on the adsorption of radon by the activated charcoal.

Detectors usually consist of a bed of granulated activated charcoal within a collector.

Following sampling, the detector is sealed to be analysed once secular equilibrium

is reached between the 222Rn collected and its short-lived decay products, after a

three hour period approximately. The radon concentration is normally obtained

by gamma spectroscopy of the emissions from the 214Pb and 214Bi radon progeny

(WHO, 2009).

Activated charcoal allows adsorption and desorption of radon, i.e. radon

adsorbed at the start of the exposure decays and it it partially desorb from the

charcoal during the exposure period (Miles, 2004). As radon half-life is 3.8 days and

due to desorption, recommended exposure periods for activated charcoal detectors

are normally between 2 to 7 days. Also, activated charcoal is affected by humidity

and therefore these detectors should be calibrated accordingly.

Electret ion chambers

The detection method of electret ion chambers is based on the gradual discharge of

the electret produced because of the air ionisation in the chamber volume caused by

radon and its progeny. Detectors consist of an electret placed within a chamber

where radon enters by diffusion through a filtered inlet to avoid radon decay

products. The average radon concentration can be obtained from the measurement

of the electret charge before and after radon exposure (Miles, 2004; WHO, 2009;

Howarth, 2017).

1.4.2 Active radon monitors

Active radon monitors are mainly distinguished from passive detectors because they

require electric power to operate, but also, some of them are able to directly show

the readings, chart the concentration and record the fluctuations of radon over the

exposure period (Lin et al., 2013). Active detectors can be used for continuous

monitoring or grab sampling and their typical detection methods are ionisation

chambers, scintillation cells with ZnS(Ag) and electrostatic collection with solid

state detectors (Miles, 2004).
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Ionisation chambers

The detection principle of an ionisation chamber is the collection of ion pairs

coming from decay of radon and its decay products inside the chamber (J́ılek and

Marušiaková, 2011). Radon is diffused or pumped into the chamber, in which an

electric field is established between two or more electrodes. Then, ionisation of

the gas inside the chamber volume is produced, due to the decay of radon and its

short-lived progeny. The current generated by the total ionisation in the chamber

or, alternatively, the pulses produced by individual alpha particles are counted and

from them, radon concentration can be calculated. In the case of pulse ionisation

chambers, alpha spectrometry is possible as the pulses generated by different decay

products can be distinguished (Miles, 2004).

Scintillation cells

The detection method of scintillation cells, e.g. Lucas cells, consists of counting

scintillations produced from alpha radon decay inside the cell. Cells consist of a

cylinder coated in the internal surfaces with a scintillator, usually silver-activated

zinc sulfide, ZnS(Ag). Radon enters the cell and decays, emitting alpha particles

that interact with the scintillator, resulting in light pulses that can be recorded by

a photomultiplier tube. The number of scintillations is counted, once the radon

is in secular equilibrium with its short-lived decay products and then the radon

concentration can be obtained (Quindós-Poncela et al., 2003). Scintillation cells are

widely used for grab sampling measurements but also can be used as a continuous

radon monitor if air is continuously pumped or diffused into the cell (Miles, 2004).

Electrostatic collection with solid state detectors

This technique is based on counting the radon decay alpha particles collected on

the surface of a solid state detector, generally a silicon detector, under the effect

of an electric field (J́ılek and Marušiaková, 2011). Radon enters a chamber, either

by diffusion or by means of a pump, where a solid state silicon detector is located.

During decay of radon inside the chamber, ionisation of its progeny is produced,

and then the charged radon decay products are directed towards the solid state

detector yielding electrostatic collection. The collection is produced by an electric

field generated when applying a high voltage between the solid state detector and

the chamber wall (see Figure 1.9).
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Figure 1.9: Scheme of the detection method for radon inside a diffusion chamber

with a solid state Si detector, modified from (Rábago, 2013) and picture of an

example of radon monitor (Canary, Airthings) that uses this detection method,

extracted from (Airthings, Accesed date: 28 August 2019).

A number of alpha particles emitted by the collected decay products (e.g. 218Po

ion) enter the silicon detector and their energies are measured. Radon concentration

can be obtained from the counting of alpha particles based on the measured energies.

Alpha spectrometry is possible when using solid state silicon detectors, which allow

to discriminate among the different decay products (WHO, 2009).

1.5 Radon programmes

Indoor radon exposure is a significant public health concern, identified as the most

significant contribution to ionising radiation exposure for the general public and the

leading cause of lung cancer for non-smokers, it is responsible for 9% of the deaths

from lung cancer per annum only in the European Union (Darby et al., 2005). An

increasing number of radon programmes and policies for protection against the

dangers from exposure to radon gas have been developed over the past few years,

aiming at reducing the overall population exposure to this human carcinogen and

raising public awareness of the indoor radon associated risks.

In January 2014, the 2013/59/EURATOM Basic Safety Standard Directive

was issued by the Council of the European Union. This BSS Directive, aimed

at offering protection for people in dwellings and workplaces, introduced radon

gas into the radiological protection system for the first time. Its implementation

is mandatory since February 2018 for all Member States of the European Union

(2013/59/EURATOM).
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Article 2 of the document describes the scope and mentions that this Directive

applies in particular to the exposure to indoor radon from workers or members

of the public. Articles 54, 74 and 103 are related to radon exposure and among

them it is stated that EU Member States shall establish national reference levels

for indoor radon concentrations not exceeding 300 Bq/m3 and also it is required

to establish a national action plan addressing long-term risk from radon exposures

in dwellings, buildings with public access and workplaces for any source of radon

ingress (2013/59/EURATOM).

The WHO advises that radon programmes should be developed and established

at a national level. A wide range of policies and cooperative efforts from government

departments, public bodies, technical experts and other stakeholders are required

for the implementation of effective national radon programmes, which should

include monitoring of indoor radon levels, in order to identify high radon exposure

potential areas, introduction of radon prevention and mitigation measures in the

building codes and provision of services on radon risk communication to inform

the general public and other stakeholders. To design successful national plans,

collaboration with existing health promotion programs should be considered and

also, development of training programs targeted at building professionals and

stakeholders involved in radon prevention and mitigation implementation (WHO,

2009).

In Ireland, a national radon survey with measurements in over 11,000 homes

was conducted during the 1990s by the RPII. A representative distribution of

the radon concentration in Irish dwellings was obtained from the survey results,

predicting that 7% of the existing housing stock had radon concentrations over

the national Reference Level of 200 Bq/m3 (RPII, 2002). After completion of the

national radon survey, more than 44,000 additional measurements were carried out

in the following years, all together resulting in a reliable guide to indoor radon

levels in Ireland. A map of radon in Irish dwellings was developed and published

(see Figure 1.12), identifying High Radon Areas (HRAs), defined as the areas in

which over the 10% of the homes are predicted to exceed the national reference level.

In line with the findings from the national radon survey, the Building Regulations

were revised in 1997 to include requirements on radon protection (DEHLG, 1997).

All new dwellings built since July 1998 must incorporate radon protection measures,

and in HRAs a radon barrier should be provided over the entire footprint of the
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building. Additionally, it is necessary to have a potential means of extracting radon

from the substructure, such as a standby radon sump or sumps with connecting

pipework that could be activated later if necessary. In areas other than HRA, a

potential means of radon extraction should be provided. Specific guidance on radon

remediation measures for new buildings was included in 2004 in the “Technical

Guidance Document C - site preparation and resistance to moisture” (DEHLG,

2004).

Figure 1.10: Prediction map of Radon in dwellings in Ireland, modified from

(Dempsey et al., 2018). Source: Environmental Protection Agency.

By the 2000s, significant progress was made in Ireland in terms of radon policies

compared to other European countries, but still many challenges to address the

radon problem remained. In November 2011 the then Minister for the Environment,

Community and Local Government, announced the Government decision to establish

an interagency group to address the radon problem by developing a National Radon

Control Strategy (NRCS) for Ireland.
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1.5.1 National Radon Control Strategy for Ireland

The main aim of the national action plan would be to reduce the radon exposure

for the Irish population and to decrease incidence of radon related lung cancers.

Representatives from several different government departments and agencies, with

the Department of Environment, Community and Local Government at the head,

formed initially the interagency group, which worked between November 2011 and

September 2013 to identify the main issues to tackle and design policies in a wide

range of thematic areas to set the necessary interventions to effectively respond to

the problem (NRCS, 2014).

In February 2014, a report of the interagency group to develop a National

Radon Control Strategy was published (see Figure 1.11). The report contained

three chapters: the first one set out the background on the scale of the radon

problem and the need to develop a NRCS for Ireland, the second chapter addressed

recommendations to reduce the risk from radon to people living in Ireland and the

last chapter detailed the implementation process of the NRCS (NRCS, 2014).

Figure 1.11: Front page of the first

NRCS report, extracted from (NRCS,

2014).

A total of 48 recommendations were

given in the NRCS report, divided in the

following thematic areas:

• Radon prevention in new buildings;

• Use of property transactions (sales and

rental) to drive action on radon;

• Raising radon awareness and

encouraging individual action on

radon;

• Advice and guidance for individual

householders and employers with high

radon results;

• Promoting confidence in radon

services; and

• Addressing radon in workplaces and

public buildings.
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From the recommendations across the six thematic areas, 31 specific actions

were identified and set out in the NRCS. Initially, it was proposed that all actions

would be delivered within a 4-year period.

In order to identify the existing knowledge gaps that would affect the effective

implementation of the NRCS and to highlight the topics where targeted research

could be focussed to support and improve the effective delivery of the strategy,

a research working group was established by the interagency group. This group

reviewed the research ideas from the NRCS development and set out four research

themes (NRCS, 2019b):

1. Establish baseline values, considering the previous baseline surveys and to

inform the update of the radon map;

2. Better targeting of measures and resources, including improvement of the

radon map for Ireland;

3. Improve the effectiveness of radon preventive measures and radon remedial

work, considering the design of better preventive systems, use of new

construction technologies and remediation systems improvement; and

4. Develop better strategies for communicating radon risk and raising awareness,

focused on radon awareness among stakeholders and the use of effective

communication channels.

The strategy envisaged addressing all the recommendations within a four year

period from 2014 to 2018, designated as Phase 1 of the NRCS. From the 31 actions

identified, 18 were fully complete at the end of Phase 1, 7 were on-going and

the remaining 6 were incorporated into a Phase 2 (NRCS, 2019a). Phase 2 was

launched in 2019 to continue addressing public exposure to radon, in fulfilment

of the 2013/59/EURATOM BSS Directive requirements, implemented in the Irish

laws under Regulation 64 of S.I. No. 30 of 2019, Radiological Protection Act 1991

(Ionising Radiation) Regulations 2019 (NRCS, 2019c).

Many achievements were accomplished in Phase 1 of the NRCS. Among the

key highlights, in relation to raising awareness, a dedicated website (www.radon.ie)

was launched in 2016 and local radon awareness campaigns were held across the

country, resulting in an increase of radon measurements in HRAs and identifying

almost a thousand homes with radon levels over the Reference Level. Also, an

annual “Radon Day” was established to be celebrated in November of each year.
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Regarding the use of property transactions, contracts in the conveyancing process

include three radon questions since 2017. Different training courses on radon

prevention and remediation were developed and are running, some targeted at

construction site staff and other targeted at local authorities, public bodies and

radon contractors. A research survey was developed to evaluate the response to

free radon testing offered in conjunction with a 50% grant for remedial work if

needed, in order to inform the development of a national grant scheme. Lastly, to

promote confidence in radon services, registration schemes for radon remediation

and measurement were established (NRCS, 2019a).

A significant body of research was also completed, highlighting that a 13%

reduction of the average level of exposure to radon was found as a result of the

Building Regulations implementation in 1998 and the updated figure of 300 radon

related lung cancers per year in Ireland. Regarding research theme 1, geographic

and population weighted national average radon concentrations were updated

to 77 Bq/m3 and 98 Bq/m3, respectively, as a result of new resource efficient

survey protocols. From the research conducted on theme 2, a refined radon risk

map incorporating geological parameters was published by Trinity College Dublin

(TCD) and a project to understand ventilation and radon in Irish energy efficient

buildings was completed by researchers at NUIG (National University of Ireland

Galway). This NUIG project found an increase in radon levels associated with

energy retrofitting measures to reduce ventilation, while for the cases of maintained

ventilation levels, radon concentration was unaffected (NRCS, 2019b). Research

theme 3 involved a three-year project to investigate the optimum specifications

for soil depressurisation systems conducted by researchers at NUIG and research

on long-term effectiveness of radon remediation systems in TCD, which led to

a re-testing policy development, giving a recommendation to test remediated

buildings every 5 years. From the study at NUIG, characterisation of granular fill

material was conducted, contributing to the understanding of optimum aggregate

layer specifications for the design of SD systems in practice. Finally, from research

theme 4, it was found that stronger government regulation is required to effect

real change on the responsibilities for addressing radon, which should not rest only

on the householder, and a market research survey revealed that although 75% of

the Irish public have heard of radon, the probability to have their home tested for

radon is only 21% of those surveyed (NRCS, 2019b).
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1.6 Thesis aims

This thesis was conceived within one of the research themes identified in the

National Radon Control Strategy for Ireland, in line with the 2013/59/EURATOM

BSS Directive implementation of required compliance since February 2018 by all

European Union member states (see section 1.5). The research theme was focused

on the improvement in the effectiveness of radon preventive measures and radon

remedial work, considering the design of better prevention and mitigation systems

and the use of new construction technologies (see section 1.5.1).

From the literature review, the soil depressurisation technique for radon

reduction in new and existing buildings has been recognised as the most efficient

technique to protect buildings from radon. However, specification for practical

design and optimum operation of soil depressurisation systems are limited.

Therefore, the need to thoroughly investigate features affecting the performance of

soil depressurisation systems was established.

This work aimed at determining specification for the optimum performance

of radon prevention and mitigation by soil depressurisation technique through

collaborative projects with European partners. Given the factors known to affect

the effectiveness of soil depressurisation systems (see section 1.2.1), the aims

were to investigate the impact of the aggregate layer under the building slab on

the depressurisation induced, the pressure distribution and the consequent radon

reduction achieved. One specific objective was to characterise granular fill materials

utilised in construction for the aggregate layer under the concrete slab of buildings

and benchmark standards against the international European context. A secondary

aim of this work included evaluation of instrumentation for measurement of radon

in air used for research and other purposes.

To achieve these aims, laboratory based experiments were conducted and a case

study in an experimental building with very high radon concentrations. The pursuit

of the aims is presented in this thesis in three articles that have been accepted

for publication in three peer reviewed journals (Journal of Radiological Protection,

Journal of Environmental Radioactivity and Science of the Total Environment)

and in one conference paper that was published in the proceedings of the Civil

Engineering Research in Ireland 2018.
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1.7 Thesis outline

Chapter 2 focuses on a radon instrumentation investigation. An experiment to

benchmark different types of radon detectors was conducted in a purpose-built

radon chamber. A selection of continuous radon monitors was tested under periods

of stable radon concentration, quantifying accuracy and sensitivity of the radon

concentration recorded. The response time of the monitors was also investigated,

by analysing the performance of the detectors under controlled variations of the

radon concentration within the chamber, for which several response time analysis

methods were proposed and discussed.

Chapter 3 describes a characterisation of granular fill materials used in building

construction for the aggregate layer under the slab, which has an impact on the

effectiveness of soil depressurisation systems for radon prevention and mitigation.

Flow through different aggregates and a soil sample was analysed in the laboratory,

using an experimental set up similar to one previously developed to conduct tests of

this kind on Irish standard granular fill materials. Benchmark analysis of European

standard granular fill materials (Spanish, Irish and British) was also proposed.

Chapter 4 introduces the facilities used for the main experiment of this research

(detailed in Chapter 5), a continuous monitoring study in an pilot house to test the

ability of active and passive soil depressurisation technique for radon mitigation.

The initial research conducted at the pilot house for which it was originally built is

summarised and the testing plan proposed, details of the experimental set up and

instrumentation utilised are then presented.

The main focus of this thesis is contained in Chapter 5. A long-term experiment

conducted over a year in a pilot house with extremely high radon levels to

investigate specifications for SDS is presented. Radon concentration behaviour in

the experimental house and soil depressurisation performance were studied. The

depressurisation induced and its distribution under the slab area were analysed and

the radon reduction was quantified.

Finally, general conclusions drawn from the work presented in Chapters 2 to 5

and future research considered are discussed in Chapter 6.
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Figure 1.12: Flow chart showing the thesis outline.
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Paper I

Performance of radon monitors in a purpose-built
radon chamber

Journal of Radiological Protection, 38, pg. 1111-1127 (2018)

Fuente, M., Rábago, D., Herrera, S., Quindós, L., Fuente, I., Foley,

M., Sainz, C.

As highlighted in the introduction Chapter, radon measurements are key to

assess indoor radon levels in buildings, which is determinant to tackle radon risk

assessment and consequent actions in radon control programmes. To conduct radon

measurements in air, there are different types of radon monitors based on several

detection methods (see section 1.4), and used for a range of different applications,

such as householder’s radon control, measurement of radon levels pre- and post-

mitigation works by radon testing service providers or research applications (e.g.

pilot house case study presented in Chapters 4 and 5).

Envisaging the experiments to study ability of soil depressurisation technique

for radon prevention and mitigation in a pilot house (see Chapter 5), which would

require continuous radon monitoring to quantify radon reductions, along with the

opportunity to use the facilities of the Laboratory of Environmental Radioactivity

at the University of Cantabria (LaRUC) equipped with a purpose-built radon

chamber, an experiment to investigate performance of several types of radon

detectors was developed and carried out.

Different radon monitors were exposed to a controlled radon environment inside

the radon chamber, two periods of stability during while radon concentration was

maintained were alternated with pronounced variations in the radon concentration.
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The former was used to evaluate accuracy and precision and the latter to quantify

the response time of the detectors to fluctuations in the radon concentration. The

devices under study were benchmarked against a reference monitor traceable to a
222Rn primary standard.

From the results, mean radon concentration within the ±10% of the reference

monitor was obtained for all detectors during the periods of stable radon

concentration, which indicates that all monitors tested are appropriate for

long-term measurements. Regarding the response time evaluation, four different

analysis methods were proposed and discussed, and the slowest response time

was found for a general purpose application monitor. A general recommendation

deduced from the experiment is that the choice of detector to measure radon in

air should depend on the accuracy and response time required for the application

needed.

The results of the radon monitors performance experiment were submitted and

accepted for publication to the Journal of Radiological Protection.

Author’s contributions

Marta Fuente and Daniel Rábago designed the experiment with the support from

Ismael Fuente, Mark Foley and Carlos Sainz. The experiment was conducted by

Marta Fuente with the help from Daniel Rábago, Luis Quindós and the technical

staff at the Laboratory of Environmental Radioactivity, University of Cantabria.

Analysis of the experimental data was carried out by Marta Fuente with support

from Daniel Rábago and contribution from Sixto Herrera. Marta Fuente wrote the

manuscript. Mark Foley and Carlos Sainz reviewed the manuscript and all authors

read and approved the final manuscript.
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Paper II

Investigation of gas flow through soils and granular
fill materials for the optimisation of radon soil
depressurisation systems

Journal of Environmental Radioactivity , 198, pg. 200-209 (2019)

Fuente, M., Muñoz, E., Sicilia, I., Goggins, J., Hung, L.C., Frutos,

B., Foley, M.

The work presented in this thesis was conceived on the subject of radon prevention

and mitigation, in particular by soil depressurisation technique. From the

literature, it is known that there is an impact of the aggregate layer under the slab

permeability on the effectiveness of soil depressurisation systems, as mentioned in

the introduction (see section 1.2.2).

In order to investigate optimum performance of soil depressurisation systems,

an experiment to characterise granular fill materials used in the sub-slab aggregate

layer in terms of gas permeability was performed. Following laboratory based tests

conducted by Hung et al. (2018) on Irish standard granular fill materials, a similar

test apparatus was developed in collaboration with the Eduardo Torroja Institute

for Construction Science (IETcc) in Madrid, to test several granular fill materials

common to building practices in Spain.

The experiment included analysis of particle size distribution and gas

permeability of different uncompacted granular fill material samples. Gas

permeability of a soil sample was also tested. Theoretical expressions for

permeability were discussed based on the experimental results and Finite Element

Method (FEM) numerical simulations conducted. The Spanish aggregates under
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study were benchmarked against other standard granular fill materials within the

European context, based on works conducted in Ireland and the UK.

Among the findings from the investigation of gas flow through the different

aggregates tested, the Darcy-Forchheimer equation was proven to provide the best

match to the experimental results. Gas permeability values were found in the order

of magnitude of 10−8 m2, lower permeability was obtained for the soil sample tested,

in accordance with the literature on soil permeability. Finally, similarities were

found between the experimental results compared with British standard granular

fill materials.

This work was submitted to the Journal of Environmental Radioactivity and

accepted for publication.

Author’s contributions

Mark Foley, Borja Frutos, Jamie Goggins and Le Chi Hung contributed to the

initial research plan. Marta Fuente and Eduardo Muñoz designed together the

experiment, developed and assembled the test set up and conducted the experimental

tests with the help from Isabel Sicilia. Marta Fuente analysed the test results

and lead the writing of the manuscript. Numerical simulations were performed

by Eduardo Muñoz with the contribution from Marta Fuente. Mark Foley, Borja

Frutos and Jamie Goggins reviewed the manuscript. All authors read and approved

the final manuscript.
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Conference paper

Radon mitigation in Spanish pilot house: results
overview and measurement plan

CERI 2018 Conference Proceedings , pg. 518-522 (2018)

Fuente, M., Hung, L.C., Goggins, J., Foley, M.

Soil depressurisation technique is proven to be the most effective solution for

radon prevention and mitigation, as discussed in the introduction Chapter (see

section 1.2.2). To investigate ability and efficiency of soil depressurisation for radon

reduction, a long-term experiment in a real building constructed for experimental

purposes and provided with SDS was formulated.

The experimental building selected to conduct such experiment, referred to

as the pilot house, was accessible thanks to collaboration with University of

Cantabria. The pilot house was originally built in a high radon area in Spain, to

study radon reduction achieved by different radon protective solutions. Description

of the facilities was introduced along with the findings from the initial investigation

conducted at the experimental house.

Conception of the long-term study, preliminary tests performed at the house

and the derived measurement plan designed, considering the experimental set up

required to continuous monitor different variables of interest, are outlined.

An overview of the results from the initial radon mitigation study in the pilot

house and the monitoring plan intended to investigate the optimum specification for

SDS were gathered in a conference paper and published in the proceedings of the

Civil Engineering Research in Ireland Conference 2018.
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Author’s contributions

Marta Fuente reviewed the initial investigation conducted at the pilot house. The

measurement plan was formulated by Marta Fuente, Mark Foley and Jamie Goggins

in collaboration with the colleagues from the radon group at University of Cantabria,

Spain. Preliminary tests were performed by Marta Fuente and Le Chi Hung with the

help from the technical staff of the radon group. Marta Fuente wrote the conference

paper and all authors read and approved the final version.
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Paper III

Radon mitigation by soil depressurisation case
study: Radon concentration and pressure field
extension monitoring in a pilot house in Spain

Science of the Total Environment , 695, 133746 (2019)

Fuente, M., Rábago, D., Goggins, J., Fuente, I., Sainz, C., Foley, M.

As outlined in Chapter 4, a case study to investigate effectiveness of soil

depressurisation was conducted in a pilot house in Spain. The purpose was to

improve understanding of the factors that influence optimum performance of

soil depressurisation systems for radon protection in new and existing buildings,

considering that indoor radon reduction is an important public health issue.

A long-term monitoring study was carried out in the pilot house, which has

very high radon levels. The monitored variables included radon concentration,

several atmospheric parameters and the induced pressure in the aggregate layer

under the slab as a consequence of soil depressurisation, measured through holes

drilled into the slab of the house. The experiment consisted of different testing

phases, alternating active and passive performance of the SDS with periods to

foster accumulation of radon indoors in order to evaluate the pressure induced, its

distribution and the resulted radon reductions.

The different variables recorded were analysed, indoor radon behaviour in the

house was examined and also the influence that atmospheric parameters have on

it. The pressure field extension under the slab, correlation of the extraction airflow

with the induced depressurisation and radon reductions achieved were analysed

and also discussed.
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From the analysis of the data recorded, pressure distribution under the slab

was found to be quite homogeneous, but it was noted that pressure drop with

distance from the suction point is linearly proportional to depressurisation.

Permeability characterisation of the pilot house was examined from the analysis

of the depressurisation induced as function of the extraction airflow for active

SDS operation, the behaviour obtained was similar to previous studies. On

the analysis of passive SDS performance using a rotating cowl, a relationship

between wind velocity and effective extraction airflow was obtained. Finally, overall

radon reductions achieved for all the tested soil depressurisation cases were over 85%.

The findings were submitted to Science of the Total Environment, peer-reviewed

and accepted for publication.

Author’s contributions

The initial research plan and the conception of the monitoring study were formulated

by Marta Fuente, Mark Foley, Jamie Goggins and Carlos Sainz. Marta Fuente,

Carlos Sainz, Ismael Fuente and Daniel Rábago evaluated and reviewed the testing

plan. The experimental development of the study was conducted by Marta Fuente

and Daniel Rábago with the help from the radon group technical staff (Enrique

Fernández, Jorge Quindós and Luis Quindós) and the support of ENUSA Industrias

Avanzadas S.A. Marta Fuente processed the experimental data, analysed the results

with the help from Daniel Rábago, and wrote the manuscript. Mark Foley, Jamie

Goggins, Ismael Fuente and Carlos Sainz reviewed and edited the manuscript for

the final version. All authors read and approved the final manuscript.
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Chapter 6

Conclusions

This thesis presented a study on the soil depressurisation technique for radon

prevention and mitigation. The effectiveness of soil depressurisation systems was

examined through laboratory based work and a case study conducted in a pilot

house. Additionally, research on active radon detectors performance in a radon

chamber was carried out. The research conducted was presented as three separate

research articles in Journal of Radiological Protection, Journal of Environmental

Radioactivity and Science of the Total Environment, and a conference paper in the

proceedings of the Civil Engineering Research in Ireland 2018.

Chapter 2 addressed the evaluation of instrumentation for radon in air

measurements by means of a benchmarking study of different types of active radon

detectors, some of which are aimed for house testing available for the general

public, while other are intended for diagnostic or research purposes. The evaluation

of reliability and accuracy of the radon monitors was achieved through exposure to

a stable controlled radon concentration inside a purpose-built radon chamber. The

mean radon concentration obtained for all the monitors under study was found to

be within the ±10% of the reference radon concentration given by the reference

monitor. Response time to fluctuations in the radon concentration was investigated

by controlling variations of the radon concentration in the chamber. Four analysis

methods to assess response time of the monitors were proposed: two were based

on the analysis of the relative error, one was based on the evaluation of time that

a monitor takes to reach a certain percentage of the final concentration within a

selected period and the last one considered frequency analysis of the occasions when

measurement recorded matched the reference. The main conclusion drawn is that

the selection of the radon monitor should be based on the application considered and

the related accuracy and response time required for such purpose. In general, all the
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active detectors tested were found to be appropriate for long-term measurement,

but differences were found when investigating time-varying concentrations due to

slight different response time of the detectors.

Characterisation of granular fill materials was investigated in Chapter 3, various

types of aggregates commonly used in Spanish building practices were tested in

terms of permeability, for which a test apparatus was adapted from our previous

work. Gas permeability values for the samples under study were obtained from

several theoretical expressions, of which the Darcy-Forchheimer equation was found

to best fit experimental results and numerical simulations. From the analysis, air

permeability coefficients of the order of magnitude of 10−8 m2 were obtained for the

different granular fill materials tested. A soil sample was also tested in the same test

apparatus, the analysis of the experimental data led to verify that soil permeability

is lower compared to that for the aggregates. Granular fill materials under study

were benchmarked against Irish and British standards finding similarities among

them. Overall, this research contributes to the understanding of specification for

granular fill materials, which influence soil depressurisation and have applicability

within the European context.

The main research of this thesis was conducted over a year in an experimental

house provided with a soil depressurisation system and located in a high radon area,

presented and explained in Chapters 4 and 5. Behaviour of the radon concentration

in the pilot house was analysed, average radon levels found in the basement and

ground floor of the house for the testing periods during no operation of the soil

depressurisation system were 55 kBq/m3 and 26 kBq/m3, respectively. Analysis

of the radon behaviour in relation to the atmospheric parameters monitored at

the house site was carried out, resulting in significant correlation between outdoor

temperature, atmospheric pressure and wind velocity with the indoor radon levels.

Also, significant negative correlation between the pressure difference created due to

indoor-outdoor temperature gradients and radon concentration was found. From

the pressure field extension analysis, it was stated that the pressure drop with

distance from the suction point is linearly proportional to depressurisation induced

under the slab.

Performance of active and passive soil depressurisation was investigated, passive

SDS was tested using a rotating cowl as the means of extraction, while a controlled

power mechanical fan was used for the active SDS. Depressurisation induced
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under the slab as a function of the extraction airflow was examined and, from the

data recorded for active SD performance, an expression to describe permeability

characterisation of the pilot house was found. From the experimental data for

passive SDS operation, a relationship between the wind velocity and the extraction

airflow generated in the exhaust pipe was obtained. This relationship helps to

quantify effectiveness of passive soil depressurisation in direct relation to the wind

velocity for the particular extractor employed and it is of interest for further

investigation of different types of passive extractors.

Radon reductions achieved for the different testing phases considered were

over 85%, thus confirming the high effectiveness reported for soil depressurisation

techniques. From the analysis of radon reduction resulting from the depressurisation

generated under the slab in relation to the extraction flow required, it was postulated

that a 20 W electric fan used for active soil depressuristion could suffice to achieve

optimum radon reduction. This finding is relevant for similar building type with

comparable aggregate layer permeability characteristics.

To summarise, this thesis presents novel research on permeability

characterisation of granular fill materials that influence performance of soil

depressurisation systems and significant specification of factors that affect soil

depressurisation effectiveness for radon reduction in buildings. As well as novel

evaluation of radon monitor performance, addressing response time assessment.

The research conducted was developed within a theoretical scientific framework

considering laboratory based experiments and a case study in an experimental

pilot house, subject to the characteristics of the building and the local atmospheric

conditions. Particularly, the pilot house is an experimental scenario not realistic

in terms of pressure conditions and occupancy behaviour when comparing with

an occupied dwelling. However, the findings can be extrapolated to real building

scenarios taking into account the specific characteristic of each case.

This work can be used to form guidance for key stakeholders, such as housing

authorities, radiation protection and public health authorities, architects, builders,

radon prevention and mitigation service providers and other construction industry

professionals. The findings can influence policy makers to inform the potential

amendments of building regulations and also feed into the training of building

professionals and radon mitigation service providers within national radon control
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programmes. In this way, contributing to the development of the national radon

action plan required by the 2013/59/EURATOM BSS Directive for the member

states of the European Union. Overall, this research contributes to knowledge in

the field of radon mitigation and it has implications within the European context.

6.1 Future work

Further research is recommended, including investigation into the passive soil

depressurisation technique. Continuation of the case study conducted at the

pilot house would be of interest to investigate the impact of different passive

extractors under different weather conditions on the effectiveness of the soil

depressurisation system. This proposed work could prove cost-effectiveness of

passive soil depressurisation systems installation against other radon measures,

which would constitute a low-cost, passive and sustainable strategy to minimise

radon levels in buildings.

Future work could be carried out also regarding the effect of energy efficiency

in buildings on indoor radon levels, addressing one of the identified knowledge

gaps for Phase 2 of the National Radon Control Strategy for Ireland. In line with

the implementation of recent EU Directive 2010/31/EU on energy performance of

buildings, aimed at reaching high energy efficiency and sustainability, new buildings

have airtightness and ventilation requirements that affect indoor radon levels.

Investigation of performance of radon prevention and mitigation techniques taking

into consideration the airtightness and air exchange rates required for the new

energy efficient buildings would be timely and very important given the changes in

the building practices. An example of proposed research in relation to this could

be continuing the monitoring study at the pilot house to examine effectiveness of

the soil depressurisation system by controlling the air exchange rate of the house.

Leverage of international collaborations, which allow access to valuable world

class facilities for controlled studies on radon mitigation, should be continued.

Future research could be conducted building upon existing relations, contributing

to the development and strengthening of a research network for radon prevention

and mitigation with collaborators across Europe.
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characterize radon entry in dwellings. Building and Environment, 57:176 – 183,

2012. doi: 10.1016/j.buildenv.2012.05.002.

B. Collignan, E. Le Ponner, and C. Mandin. Relationships between indoor

radon concentrations, thermal retrofit and dwelling characteristics. Journal of

Environmental Radioactivity, 165:124 – 130, 2016. doi: 10.1016/j.jenvrad.2016.

09.013.

M. Collins and S. Dempsey. Residential energy efficiency retrofits: potential

unintended consequences. Journal of Environmental Planning and Management,

2018. doi: 10.1080/09640568.2018.1509788.

S. Darby, D. Hill, A. Auvinen, Barros-Dios ..., E. Whitley, H.E. Wichmann, and

R. Doll. Radon in homes and risk of lung cancer: collaborative analysis of

individual data from 13 European case-control studies. BMJ, 330(7485):223, 2005.

doi: 10.1136/bmj.38308.477650.63.

C. de Oliveira Loureiro. Simulation of the steady-state transport of radon from

soil into houses with basements under constant negative pressure. PhD thesis,

University of Michigan, 1987.

G. De Pin, S. Dulla, and M. Esposito. General expression of the calibration curve

for the cr-39 radon track detectors. Radiation Measurements, 89:1 – 7, 2016. doi:

10.1016/j.radmeas.2016.04.001.

DEHLG. S.I. No. 497 of 1997. Building Regulations 1997. Technical report,

Department of the Environment, Heritage and Local Government, Stationery

Office, Dublin, 1997.

DEHLG. Technical Guidance Document C - Site Preparation and Resistance to

Moisture. Technical report, Department of the Environment, Heritage and Local

Government, Stationery Office, Dublin, 2004.

87



Bibliography

DELG. Radon in existing buildings. Corrective Options. Technical report,

Department of the Environment and Local Government, Stationery Office, Dublin,

2002.

S. Dempsey, S. Lyons, and A. Nolan. High radon areas and lung cancer prevalence:

Evidence from Ireland. Journal of Environmental Radioactivity, 182:12 – 19, 2018.

doi: 10.1016/j.jenvrad.2017.11.014.

A. R. Denman, R.G.M. Crockett, and C.J. Groves-Kirkby. An assessment of the

effectiveness of UK building regulations for new homes in Radon Affected Areas.

Journal of Environmental Radioactivity, 192:166 – 171, 2018. doi: 10.1016/j.

jenvrad.2018.06.017.

A. Denman et al. Do radon-proof membranes reduce radon levels adequately in new

houses? In Proc. 7th SRP International Symposium ’Change and continuity in

Radiation Protection’, Cardiff, UK, 2005.

T. M. O. Diallo, B. Collignan, and F. Allard. Air flow models for sub-slab

depressurization systems design. Building and Environment, 87:327–341, 2015.

A. Dowdall, P. Murphy, D. Pollard, and D. Fenton. Update of Ireland’s national

average indoor radon concentration - application of a new survey protocol. Journal

of Environmental Radioactivity, 169-170:1–8, 2017.

B.A. El-Badry and T.I. Al-Naggar. Estimation of indoor radon levels using etched

track detector. Journal of Radiation Research and Applied Sciences, 11(4):355 –

360, 2018. doi: 10.1016/j.jrras.2018.07.002.

J. Elio, Q. Crowley, J. Scanlon, J. Hodgson, and S. Long. Logistic regression model

for detecting radon prone areas in Ireland. Science of the Total Environment,

599-600:1317–1329, 2017.

EPA. Understanding Radon Remediation A Householder’s Guide. Technical report,

Irish Environmental Protection Agency, Dublin, 2019.

US EPA. Building Radon Out: A step-by-step guide on how to build radon-resistant

homes. Technical report, United States Environmental Protection Agency, Office

of Air and Radiation, 2001.

G. Espinosa, J.I. Golzarri, M.I. Gaso, M. Mena, and N. Segovia. An intercomparison

of indoor radon data using NTD and different dynamic recording systems.

Radiation Measurements, 50:112 – 115, 2013.

88



Bibliography

Ll. Font. Radon generation, entry and accumulation indoors. PhD thesis, Universitat

Autonoma de Barcelona, 1997.

B. Frutos Vázquez. Estudio experimental sobre la efectividad y la viabilidad de

distintas soluciones constructivas para reducir la concentración de gas radón en

edificaciones. PhD thesis, Universidad Politécnica de Madrid, 2009.
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