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Abstract Keywords:
Radon is a naturally occurring radioactive gas, which tends to Radon;
accumulate inside built structures. It is therefore necessary to include Heritage;
techniques to mitigate radon concentration during refurbishing work. Mitigation;

The aim of this study is to assess the effectiveness of a number of Refurbishment;
mitigation techniques, under real conditions, to determine which is Air quality

most suitable, in each case, for use in rebuilding solutions. The
methodology consisted in performing four experimental tests on
mitigation strategies recommended by the Coédigo Técnico de la
Edificacion (Technical Building Code) (CTE-DB-HS6) and by the
Government of the Autonomous Community of Galicia, (Xunta de
Galicia, 2018). The concentration was measured with three different
systems: radon in soil at 80 cm, passive detectors to confirm mean
concentration, and continuous monitoring by devices calibrated at the
LaRUC Laboratory of the University of Cantabria, in order to compare
the results of the tests. The experiments were carried out in premises
located in a high radiation area in Arteixo (La Corufia, Spain). Four
experimental models were designed, corresponding to each of the
building solutions under study, and tested over a period of 16 days in
two repeated series of trials. The results obtained show that, of the
different strategies tested, pressurising the living space achieves an
efficient reduction of the radon concentration with a significant
simplicity of construction. This solution, compatible with the minimal
intervention and reversibility principles stablished in the charters of
Venice, Krakovia and Nara, is shown to be especially useful when
work is carried out on structures considered to be part of protected
heritage.

1 Introduction

Radon gas build-up inside buildings is one of the leading causes of death from lung cancer in
non-smokers. Concentrations of 200 Bq/m3 may be a risk factor for this disease [1-4]. It is estimated
that between 15 % and 25 % of cases of this disease stem from this specific building pathology. This
value is below the limit of 300 Bq/m3 set out in the Directive 2013/59/EURATOM [5] and doubles
the 100 Bq/m3 given as the reference level for minimising health risks from indoor exposure to radon
[6, 7].

Recommendations published by national and international public bodies for radon mitigation
include a selection of solutions based on different strategies [8, 9]: ventilation of premises, positive
pressurisation of premises and soil, depressurisation of the soil beneath the structure, and
impermeable barriers, see Fig. 1.
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Fig. 1: Recommendation chart for mitigation solutions [9].

The legal framework which sets out the Basic Requirements for mitigation with respect to radon
gas in Spanish law is CTE-BD-HS6. This document includes the obligation to undertake mitigation
measures in situations where there is a risk of build-up, and recommends, depending on the area at
risk, three mitigation strategies, although it allows the use of equivalent alternative solutions. These
requirements are not applicable during refurbishment or in areas occupied by existing buildings. The
Consejeria de Ordenacién del Territorio y Medioambiente de la Xunta de Galicia (Environmental
Department of the Galician Autonomous Government) has published manuals and technical
instructions with mitigation measures to be taken in areas of special risk of radon gas build-up. These
recommendations also fail to take into account the problems with implementation in existing buildings
[10].

Putting these mitigation techniques into effect in existing buildings runs into many difficulties
inherent in actions undertaken in an already existing structure. These difficulties derive from the
interaction with other pre-existing elements, such as old facilities and services in the building, and
even with issues of heritage, which must be accounted for when considering the aesthetics, health
and comfort of the living space.

The question of energy efficiency must also be included. In the case of refurbishment intended
to improve energy efficiency, ensuring less energy loss, the problem of the quality of the air inside the
building needs to be considered, since at times the work done may lead to an increase in
concentrations of interior radon [11].

2 Research question

The aim of this study is to analyse the efficiency of several mitigation methods for
refurbishment, given the many variables to be accounted for in real conditions. In other words, cost of
the activity, aesthetic issues, energy efficiency, comfort in terms of heat and noise, and heritage
values, while also addressing questions of efficiency, economy and the minimal intervention and
reversibility principles stablished in the Charter for the Conservation and Restoration of Monuments
and Sites [12].

This means that a balance must be struck between the varied needs to be met and the activities
to be carried out. For new buildings designed from scratch, it is more feasible to achieve compatibility
between them. However, with pre-existing structures, the constraints may lead to the rejection of
certain solutions, either because they cannot be carried out in a way that is compatible with other
requirements, or due to the high costs involved, and therefore the result is less than ideal.

This paper seeks to show the complexity of the circumstances to be considered for different
mitigation solutions. This will, in turn, allow reflection on the difficulty of balancing these solutions, and
other matters that need to be addressed in any refurbishment work.

3 Materials and methods

The site chosen for the experiment is a partially buried structure in an area of high radiation [13]
(Latitude: 43.29758, Longitude: -8.435155), in Arteixo, province of A Corufia, Autonomous Community
of Galicia, Spain, EU.
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The terrain below the construction area is made up mainly of granite, with a high degree of
weathering and little consistency. The land is high in mica.

After a radon in soil test had been carried out, five measuring points around the house were
determined, distributed over the plot, see Fig. 2. The measurements taken are shown in Table 1.

Fig. 2: Location of soil measurements around the premises.

Table 1: Results of radon in soil measurements around the premises.

Place Date Time Depth Ca[kBg/m?] RP
1 09/07/2020 11:27 80 275 224,3
2 09/07/2020 11:34 80 95,8 77,6
3 09/07/2020 11:49 80 167 135,9
4 09/07/2020 11:57 80 120 97,4
5 09/07/2020 12:04 80 50 40,10

The highest values found are 275 kBg/m® measured at a depth of 80 cm in the ground
immediately outside the wall of the premises. The permeability test on the soil carried out with a
portable permeameter gave these results:

With k = 0.6-10" m% Using the classification criteria for radon potential in construction,
according to the methodology given in Neznal and Barnet [14]

_ ca—1
RP = —logk—10 ' (1)

where c, is the radon activity concentration [kBg/m?] in the soil at a given depth, and k the permeability
in m* measured at the same depth.

The radon in soil test gave, for all points, the value of RP > 35, and thus, according to the Czech
approach, the RI (risk of radon emitted from soil) would be HIGH as shown in Fig. 3.
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Fig. 3: Classification criteria for areas susceptible to radon [13].

The spatial characteristics of the premises are as follows: volume of air 316.46 m* and surface
100.42 m”,

The building system is based on 25 cm thick reinforced concrete containing walls, a 15 cm thick
reinforced concrete deck grounded on a 15 cm thick gravel layer, which is in turn placed on a 5 cm
layer of blinding concrete. The southern fagcade consists of a 30 cm thick double layer of brick dressed
in granite and local Schist.

All the openings are on this south wall, giving a total ventilation surface of 4.08 m?.

Measurements were taken at the premises with passive radon detectors, by the LaRUC
Laboratory, accredited by the Nuclear Safety Council in September 2017, and the resulting annualised
concentrations were over 800 Bg/m®.

4 |dentification of sources

The data in Table 2 show that the main source is to be found in the plot bordering the building to
the East, Place 1. To confirm this, a new set of radon-in-soil concentration measurements was taken
by technicians from the LaRUC Laboratory, at a depth of 80 cm, with a properly calibrated ionisation
chamber, giving values of 332, 269, 312, 456, and 295 kBg/m®.

Radon enters the premises by a convective (advective) process. The convective flow is
established by a difference in pressure between the substrate, where the radon is, and the
atmosphere or the inside of the building. This process depends on the permeability of the medium and
the pressure gradient and is modelled via Darcy's Law. [15].

The main entry points for radon were identified by continuous radon measurement, using a
scintillation cell from Radon sniffer. The results show a specific concentration of 1826 Bg/m® at the
southern wall, near the venting points and the door to the premises. The measurements in the rest of
the building were between 600 Bg/m® and 1200 Bg/m®. These cases arise from diffusion sources such
as the cracks and fissures in the building through which the radon exhaled by the soil in contact with
the outside walls on the North-eastern and South-eastern faces. Radon-in-soil concentration
measures were also taken in these areas (Points 1 and 3) giving results of 275 and 167 kBg/m®
respectively.

5 Measuring equipment

In order to quantify the effectiveness of the mitigation methods tested, continuous
measurements were taken which, although less accurate, allowed differences stemming from the
activation of the devices to be identified beyond doubt. Two Radon Scout devices were used in
parallel, calibrated to improve the accuracy of the measurement. This simultaneous use is justified in
order to check for and eliminate possible errors in the measuring equipment. Radon concentrations
undergo constant, random variations, depending on multiple factors, over the period of measurement,
and so measurements taken over a very short period are open to distorted interpretations. It was
therefore decided to carry out two sets of measurements, repeated twice, over a period of two
consecutive weeks, for each of the solutions tested.
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6 Testing sequence

In order to perform the experiment, a sequence was established of 24 hours with the systems to
be tested activated, followed by 24 hours with the equipment switched off, to allow the concentration
to return to the initial conditions between tests for the different mitigation solutions, as shown in Figure
4. The building was closed while the measurements were taken. Monitoring was continuous, with a
measurement taken every hour, over a period of 24 hours.

Forced

ventilation e Bece

Positive

ventilation foil £g-2

Negative
radon sump

Positive

radon sump E2.1 E2.2
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Fig. 4: Graph of testing sequence.

7 Preliminary actions to prepare the conditions for the experiment, sealing cracks and fissures

Radon issuing from the subsoil filters into the building through fissures and apertures because
of the pressure difference. This takes place both through the parts in contact with the ground, and via
the fronts and roofing. This means that one technique for preventing its entry is to seal the places
where it can happen, with special attention paid to bulkheads, cable sleeving, electrical and water
conduits, pipes, and in general any open passage to the outside.

After a detailed visual inspection of the premises, five kinds of entry point were identified: holes
at anchor points for recoverable formwork, pipes and ducts that pass through the walls, carpentry
joints, the joints of the three drains in the base of the structure, and joints where the waste pipes from
sanitary facilities leave the structure.

The outlets from the casing were sealed with high density epoxy mortar. The joints and meeting
points of the sanitary waste pipes were covered with PVC adhesive to ensure they were airtight. The
points where the channels and pipes meet other elements of the building were injected, firstly with
expanding polyurethane foam when the difference between the elements was greater than 2 cm, and
then a perfect seal was ensured with a final layer of permanently elastic mono-component adhesive
polymer. An acrylic sealant was used for the drains. For the woodwork joints, however, a quick-drying
mono-component acidic silicon was applied which, in contact with the ambient humidity, vulcanised,
forming an elastic joint.

Another entry point for radon is the tubing which protects the electric cables when they reach
junction boxes and mechanisms. The decision was made to apply a bicomponent insulating silicone
gel. The traps of the wastewater pipes were checked and found to be in good condition and working
properly, although since radon is soluble in water, they do not guarantee that it is completely sealed.
The premises were closed for the two days prior to the start of the experiment, in order to allow the
concentration to rise, reaching levels of 3600 Bq/m3 as shown in Fig. 5.
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Fig. 5: Graph of radon concentration in the days before the start of the experiment.

8 Techniques tested

The methodology used was to perform four experimental trials for the active mitigation
strategies recommended in the Technical Building Code [16] and in the Technical Supplement of the
manual published by the Galician Institute for Housing & Land [10], specifically A2 Forced ventilation,
P3 Pressurisation of premises, D4 Depressurisation of soil, and E2 Positive pressurisation of soil. In
order to obtain comparable results for the dependent variable (efficiency of the strategy), the same
model of fan was used for all the systems tested; the consumption, the nominal flow and the sound
power are fixed, to eliminate confounding variables which could distort the results of the experiment.
With respect to the other confounding variables, such as temperature, meteorological conditions,
conditions of use, and variations in soil permeability, the trials were repeated sequentially to check the
similarity of the results in the dependent variable.

8.1 Forced ventilation A2

Ventilation is based on replacing contaminated air from inside with air from the outside, see
Fig. 6. Inside air is contaminated by harmful particles from human consumption such as CO,,
formaldehyde and others, among them radon gas. Transport is favoured by the pressure gradient
between the outside and inside. The main triggering factors for this air flow are convection by
temperature gradient, and the action of the wind.

1) Intake pipe 120 mm in diameter.

2) Intake fan S&P TD-350 230 V-50 HZ, 26.94 W (0.0456 m°/s).

3) Intake diffusor.

4) Sealed chimney (cassette).

5) Sealed pipes and fissures.

6) Extraction diffusor.

7) Extraction fan S&P TD-350 230 V-50 HZ, 26.94 W (0.0456 m’/s).

8) Extraction pipe 110mm in diameter.
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Fig. 6: Section plan of the setup.

The A group of ventilation strategies in the manual includes the following: A.1. Natural inside the
premises, A.2 forced inside the premises, A.3 and A.4 natural and forced in the underground clearing
space.

To set up a test of efficient natural ventilation, A.1, it would be necessary to create new
strategically placed apertures in such a way as to ensure proper renewal of the air inside. This
possibility was rejected, since the characteristics of the building (partially buried and clad in reinforced
concrete) make it unfeasible, on grounds both of planning and cost. Thus, the ventilation strategy was
only tested with the technique of forced ventilation.

A.3 & A.4. Forced ventilation in clearing spaces were also rejected, as impossible to put into
practice, since the building in question has no clearing space under the formwork.

The experiment consisted of installing a series of ventilation ducts in 120 mm diameter PVC
tubes to give a renewal flow of 220.57 m®h, measured with a TESTO 440 thermal anemometer,
across the axis of the straight section of the pipe at a distance of 1 diameter. Two in-line mixed-flow
duct fans (each 230V-50HZ, 26.94W) were used, with balanced entry and exit flow, a reference flow of
0.0456 m%s and a reference pressure difference of 45.21 Pa. The ducts are uniformly distributed
through the ceiling vault so that the flow is constant, with no dead areas, giving a ventilation flow of
61.27 I/s, 6 times greater than that required by Standard DB-HS 3 for the premises tested. Special
attention was given in the experimental design to intake point for outside air since, as radon is a
naturally occurring environmental pollutant, it exists in higher concentrations in lower band which is in
contact with the surface of the surrounding land. It was also guaranteed that there was no exchange of
pollutants between the discharged flow and the air taken in, by placing the intake and venting points
on opposite walls, bearing in mind the pressure gradient produced by the prevailing winds, as high
pressures reduce emission of radon from the ground [17,18]. Given all the above, the decision was
taken to place the intake point at a height of +5.80 m on the East-facing wall, open to the prevailing
winds.

The results for this method of mitigation were obtained by taking continuous measurements.

Once the building had been closed for 24 hours, on the 18th of January at 12:00 hrs, the
ventilation system was turned on by simultaneously activating fans 1 and 2, to guarantee a continuous
flow of 220 m*/h, ensuring a renewal rate of 0.70/hour. The first measurement was taken at 12:26 hr,
giving a concentration of 384qu/m3.

As can be seen in Fig. 7, 5 hours after turning on the system, the concentration of radon was
reduced by 3000 Bq/ms. The concentration remained stable, with values around 1000 Bq/m3 for the
next 24 hours, during which the system continued to operate. The concentration value began to
increase immediately the system was switched off, reaching levels of 3000 Bq/m3 12 hours later.
Similar results were obtained on the second sequence of tests done one week later.
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Fig. 7: Graph of radon concentration with the fan system operating.

This method of mitigation leads to a reduction in radon concentration although it does not allow

the values recommended by the legal guidelines to be reached and is some way from the 300 Bq/m3
set as the maximum value by EURATOM. The negative effects for comfort inside the building should
be noted, such as the noise level of the system, above 25 dB, the air currents, and consequently the
thermal comfort. On the other hand, the renewal rate per hour (0.70) is designed not to exceed the
calculation values for ventilation set out in the Energy Efficiency Indicator, so as not to have a negative
effect on the energy classification of the dwelling [19].

The great advantage of this system, for use in buildings undergoing refurbishment, is that one
single action addresses a number of problems, thanks to its compatibility with highly energy efficient
air-heating systems. Although it also has drawbacks that require complementary measures to be
taken with heat exchangers, diffusers and silencers, to counteract the effects on comfort.

8.2 Positive ventilation P3

The technique is grounded in the idea of making entry of radon into the premises more difficult
by the effect of the positive pressure difference inside, as "radon flow into the building, due to
convective processes, occurs when the pressure gradient is positive PB > PA”.

This is achieved by introducing clean air from the outside. This has two consequences; on the
one hand it increases the pressure inside the building, leading to air flow from the inside outward,
through the permeability of the surrounding material, which makes it difficult for radon to enter from the
outside. The unpolluted air introduced also assists in diluting the concentration of radon inside Fig. 8.

1) Intake pipe 120 mm in diameter.

2) Intake fan S&P TD-350 230 V-50 HZ, 26.94 W (0.0456 m?/s).

3) Intake diffusor with air filtering.
4) Sealed chimney (cassette).
5) Sealed pipes and fissures.

Fig. 8: Section plan of the setup.
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This technique was implemented by placing a series of 120 mm diameter PVC tubes, the joints
of which were sealed with adhesive for PVC. For the reasons already set out in the forced ventilation
experiment, special attention was given to the intake point for outside air, which was placed at a height
of +5.80 m on the East-facing wall, open to the prevailing winds.

The nozzles were placed outside the occupied area, understood to be 30 cm from the walls
below head height, in order to distribute the air supplied at a speed and in conditions appropriate to
welfare and ventilation in the living space. The speed of the air supplied as measured by a TESTO
440 thermal anemometer, 30 cm from the grille, is less than 0.10 m/s, and is therefore compatible with
environmental comfort.

The grilles were placed on the vertical surfaces 30 cm from the highest point of the flooring.
They were positioned at this height to maximise their efficiency, as radon is heavier than air and tends
to accumulate at the lower levels [18]. Their placement at this height makes it easier for the
concentration of radon to be diluted, and it also increases the pressure at the point closest to the
localised entry source, as well as maximising thermal efficiency over the winter period by preheating
the air introduced, assisting convective flow.

It should be noted that the location of the pressure grilles goes against what is set out in point
3.1.1.e) of DB HS-3 of the CTE, which requires them to be place at a height greater than 1.8 m above
the height of the floor, although the following points should be mentioned:

1) The building has natural ventilation which meets the Standard, and so the hybrid system
need not necessarily be considered a ventilation system, but rather a system of radon concentration
mitigation which happens to improve the flow of clean air.

2) The requirement of the Standard to place the grilles higher than 1.8 m should be understood
as requiring that they be placed outside the occupation area, to afford greater environmental comfort.
In our case, as the premises are located in C thermal area of Spain (CTE), where the increase in air
temperature is more important, as most of the time the outside temperature is below the comfortable
temperature, placing the pressure grilles out of the occupation area on the side walls improves
convective flow and energy efficiency.

A 230V-50HZ, 26.94 W in-line mixed flow duct fan was placed in the conduit leading from the
intake to the nozzles with a reference entry flow of 0.0456 m®/s a reference pressure difference of
45.21 Pa. The grilles were placed on the East wall, as the nearest point to the main entry source,
giving a flow of clean air from the outside of 61.27 I/s which, for the 316.46 m® building being tested,
meant and extra 0.19 I/s per cubic meter.

A measurement taken prior to setting the designed solution in motion, taken on 21/01/2020 at
01:26 the radon concentration was 3000 Bq/m3 +10 %. The turbine was started at 12:00 and switched
off 24 hours later. After 1 hour 26 minutes, a measurement was taken of 2200 Bq/ms, decreasing 7
hours later to 57 Bq/m3 * 45 %. These concentration levels, below 100 Bq/ms, remained stable until
the fan was switched off at 12:00 the next day, see Fig. 9. These measurements have higher
uncertainty, around 50 %, given the detection limit of the apparatus.

P3 Radon (Bg/m?), Humidity (%), Temperature (°C) and Inactivity of mitigation systems
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Fig. 9: Graph of radon concentration with the pressurisation system.

The fan was switched off until 12:00, that is, for 24 hours. Over this period, the concentration
rose slowly to a value of 2560 Bg/m® + 10 %. These results show that the system is efficient at



Civil and Environmental Engineering Vol. 17, Issue 2, 485-499

containing concentration levels below those required by European Standards, and even below the 100
Bq/m3 proposed by the WHO.

The use of this system in an existing building also has important advantages. Firstly, it is simple
to introduce, the materials are cheap and easily available, and it can be done quickly. Secondly this
solution, is shown to be compatible with the minimal intervention and reversibility principles stablished
in the charters of Venice, Krakovia and Nara, especially on buildings considered to be part of
protected heritage.

One disadvantage systems from adding air flow from the outside, whose effects on the comfort
of those living inside involve thermal variation, noise, air currents and the entry of external pollutants,
especially allergens such as pollen or airborne dust particles. For these reasons it is advisable to
include filters and heating elements to these systems, to correct these problems, which in turn leads to
an increase in operating costs.

Improvements to this design with respect to noise pollution might include the possibility of
placing the fan on the outside, in a sealed mounting, although this would also increase the cost of
installation, or include noise suppressors.

8.3 Negative radon sump D4

This technique is grounded in the idea of transporting the radon rising from the lower ground
layers to the intake point at a level below that of the building floor, and then expelling it naturally, in the
case of D.1 and D.2, or mechanically in the case of D.3 and D.4. It was decided only to test
depressurisation by mechanical means D.4, as it is based on the same principle as the natural
process, but is more efficient, and so a competitive comparison can be made with the other solutions
tested, see Fig. 10. It was also considered that efficient natural ventilation would normally require a
very specific design, which would be much more difficult to achieve in the case of a refurbishment,
because of the constraints of the existing structure.

1) Concrete prefabricated drain.

2) 25 mm thick gravel layer.

3) Extraction pipe 90mm in diameter.

4) Extraction fan S&P TD-350 230 V-50 HZ, 26.94 W (0.0456 m®/s).

5) Sealed pipes and fissures.

RADON SUIMP - (D]

Fig. 10: Sectio plan of the setup.

The technique D.3 Forced depressuring at one side of the building, was rejected as a subject of
testing, as it was understood to be similar to but less suitable than D.4 for the building in question,
although it is useful when applied to existing structures, requiring less intervention as the pit can be
dug outside the perimeter of the building.

To reduce the pressure in the ground, using the existing characteristics of the building, a set of
three drains, now unused, from the old waste disposal system, were reused; these were joined
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together by a channel 220 mm in diameter. These drains were chosen due to their ideal location with
respect to the building surface and the sources of radon. To ensure the suction effect, and given that
the drains were connected to other waste pipes from the building, they were sealed with polyurethane
foam and epoxy mortar, turning the three chosen drains into an isolated suction system. A new pipe
was used to connect the last drain to the outside, and the system was depressurised using an in-line
mixed flow duct fan placed outside the building, carrying the radon outside. An S&P TD-350 230 V-50
HZ, 26.94 W fan was installed, with a reference flow of 0.0456 m®/s and a reference pressure
difference 45.21 Pa.

To increase the rate of entry of ““Rn to the drains, a platform was dug out and finished with a
25 mm thick gravel layer to increase permeability.

A prior measurement was taken after the building had been closed for 24 hours, and the
measurement was started at 00:00 on the 23rd. 24 hours later the extraction system was set in
motion, by activating the extractor fan connected to the drains. Immediately the fan was switched on, a
drop in the concentration level of 1000 Bq/m3 to 1500 Bq/m3 was observed, but no further reduction
was achieved over the rest of the time during which measurements were taken. From 0:00 a.m. on the
25th, the system shuts down, and gradually returned to the previous concentration levels of around
2800 Bg/m®, see Fig. 11.
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Fig. 11: Graph of radon concentration with ground depressurisation.

This solution proved not to be very effective in comparison with the previously tested solutions,
although the limitations imposed on the method must be considered, since in order to minimize the
degree of intervention it was decided to repurpose an existing manhole system.

Although the location of the catchment wells was deemed appropriate to cover most of the area
of the premises, the location of the manholes did not correspond to an ideal model, neither in number
nor in precise positioning. These variables undoubtedly influenced the result.

Various studies [20, 21] show this to be an effective solution, but in the case of refurbishment
aimed purely at reducing interior concentration levels of radon gas, this system is not well-suited due
to the high cost arising from the building elements to be altered, such as flooring, conduits and
foundations, as well as the difficulties in installation. It may, however, be appropriate if combined with
a radon barrier in a general refurbishment which already involves working on the ground beneath the
structure.

8.4 Positive radon sump E2

The basis of the technique consists in hindering the convective (advective) process which
carries the radon into the building, by forming positive pressure bulbs to divert the gas flow [14],
transporting it via the porosity of the soil towards areas of lower pressure away from the structure, see
Fig. 12.

1) Concrete prefabricated drain.

2) 25 mm thick gravel layer.

3) Intake pipe 90mm in diameter.

4) Intake fan S&P TD-350 230 V-50 HZ, 26.94 W (0.0456 m?/s).

5) Sealed pipes and fissures.
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Fig. 12: ection Ianof th setup.

With the same set of drains as in the previous experiment, the flow of the in-line mixed flow duct
fan was reversed, and it was placed to drive the outside air towards the drains, increasing the
pressure inside and beneath them, to create a barrier in the ground under the building formed by a
pressure bulb.

A prior measurement was taken after the premises had been closed for 24 hours, starting at
00:00 on the 25th, yielding concentration levels that reached 2973 Bg/m®. 24 hours later the
pressurisation system was started by introducing air from the outside, driven by the reversed flow of
the exterior fan. Six hours after the fan was switched on, a drop in radon concentration of some 1200
Bg/m® was observed, which rose again over the following hours to 2400 Bg/m®, and then began to
drop once more over the rest of the measurement period, to 1800 Bg/m®.

E2 Radon (Bg/m?), Humidity (%), Temperature (°C) and Inactivity of mitigation

systems
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Fig. 13: Graph of radon concentration with the ground pressurisation.

When the fan was turned off, at 00:00 on the 27th, the concentration reached a level of 2630
Bq/m3, although it should be noted that once the system was turned off, there was a further decrease
in concentration in the following 12 hours to 1800 Bq/m3, so it is not very clear if the variations in
concentration were produced exclusively by the effect of overpressure or if they influenced by other
variables related to soil permeability, such as saturation of the ground pores due to the abundant
rainfall that occurred throughout the trial.

Similar results were obtained on the second sequence of tests done one week later in different
weather conditions, although in the second instance the concentration drop was more stable keeping
its value between 1400 and 2000 Bq/m3, and after the shutdown of the mitigation systems there was a
gradual increment on the radon concentration from 1542 to 2915 Bq/ms, see Fig. 13.
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While it is the case that some other studies [22, 23] highlight the effectiveness of this system, in
the current case the solution was not seen to be effective.

The same consideration applies to refurbishment work as for depressurization of the soil, that
the use of this method is not suitable unless it is carried out in combination with the installation of a
radon barrier, and in comprehensive refurbishments requiring actions in the subsoil, which collides
with the minimal intervention and reversibility principles stablished in the Charter for the Conservation
and Restoration of Monuments and Sites.

9 Conclusions

The experiment described shows that not all the techniques are suitable, and that issues such
as the following should be borne in mind in making a choice:

1) The radon solution system should consider the level of intervention to be addressed.

2) The design of the solutions should take place only after all the characteristics of the buildings
and its surroundings have been examined.

3) The combination of various systems is what gives the assurance of greater efficiency in
radon reduction.

4) The passive solutions are not seen to be effective at reducing the concentration, but they do
contribute to ensuring the building is properly sealed, and they undoubtedly assist the action of active
measures, both those that involve pressurisation and the opposite.

Below, in the graph of the series of test carried out, which allows us to appreciate the
effectiveness of the different solutions, see Fig. 14. The system of forced ventilation A2 is especially
interesting in refurbishments requiring air-conditioning systems, as, combined with air-sourced
heating, it may be suitable for places where the concentration does not exceed 2000 Bq/ms. This
demands that special attention be given to the layout of the intake and outlet conduits of the systems,
to ensure the intake of air that is not polluted with radon.

Radon, Humidity and Temperature
B Radon (Bg/m?®) = Humidity (%) Inactivity of mitigation systems B Temperature (°C)
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2000

1000

0 100 200 300

Time (hours)
Fig. 14: Graph of radon concentration over the entire length of the experiment, showing the effect of
sequential activating the various measures.

A positive ventilation P3 in the building calls for less invasive action and lower cost, compared
with other systems, and is highly effective, meaning that it can cover a range of possibilities within the
scope of refurbishment. This is especially true for actions aimed at mitigating the problem of radon in
buildings where the concentration is above 1000 Bg/m® and is compatible with the minimal intervention
and reversibility principles stablished in the charters of Venice, Krakovia and Nara when it is the case
of interventions over heritage.
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For actions on the ground D4, E2, there are two main difficulties. Firstly, the need for more
preliminary studies, specifically of the permeability of the ground, composition and homogeneity of the
soil beneath the building. Furthermore, the modelling of the pressure bulb is only at the development
stage, and so there are no reliable tools to calculate it. All of this requires the action of specialists in
the field, who are not always available.

Secondly, they are more invasive and more costly systems, little suited to cases where the only
purpose of the action is the mitigation of radon. Their use may, however, be appropriate in general
refurbishment work with permeable soils, since offer the advantage of not affecting the habitability of
the interior of the structure.

In any case, its use is always recommended in combination with the radon barrier, as
established in the CTE DB-HS6 instruction. However, the interaction between the different systems
must be taken into account, since in most cases the result will be additive, but it may happen that in
some cases the systems neutralize each other, this can fundamentally happen when the combination
of two active systems is used, such as pressurization of the building and simultaneous
depressurization of the soil, in this case, it would be advisable to carry out a detailed study of the
interaction of both systems.
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