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Abstract. It is well known that one of the factors that influence the indoor radon variability is the floor level
of the buildings. Considering the fact that the main source of indoor radon is radon in soil gas, it is expected
that the radon concentration decreases at higher floors. Thus at higher floors the dominant source of radon is
originating from building materials, and in some cases there may be deviations from the generally established
regularity. In such sense, we chose one freestanding single-family house with loft and other 16-floor high-rise
residential building for this study. The indoor radon measurements were performed by two methods: passive
and active. We used passive devices based on track-etched detectors: Radtrak® Radonova. For the short-term
indoor radon measurements, we used two active devices: SN1029 and SN1030 (manufactured by Sun Nuclear
Corporation). The first device was fixed in the living room at the ground level and the second was moved through
the floors of the residential building. Every measuring cycle at the specified floor lasted seven days with the
sampling time of 2 h. The results show two different indoor radon behaviours regarding radon variability due to
floor level. In the single-family house with loft we registered intense difference between radon concentration in
the ground level and loft, while in the high-rise residential building the radon level was almost the same at all
floors, and hence we may conclude that radon originated mainly from building materials.
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Introduction

Radon sources in the buildings are primarily from
soil, building materials and water. Considering
the nature of the occurrence and all the sources, the
concentration of radon is higher in the ground-floor
rooms compared with that in the higher floors of the
dwellings in apartments. In the literature one can
find a lot of papers dealing with the influence of vari-
ous factors, including the floor levels, on the radon
concentration and variability. In one group of the
articles, investigation of the indoor radon concentra-
tion distribution due to floor levels of the buildings
is the part of the data analysis which was drawn from
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the national or regional radon surveys [1-6] and oth-
ers are dedicated to these specific studies [7-11]. In
the case of the big buildings with a several number of
floors a deviation from the general regularity can be
observed, since the dominant source of indoor radon
at higher floors is building materials. On the other
hand, the radon variability due to floor level, espe-
cially in big cities with a much higher number of high-
rise buildings and population density compared with
rural environments, may have an impact on the as-
sessments of the effective dose from radon exposure
at the national level. Usually, the indoor radon map
represents the arithmetic mean value of indoor radon
concentration on the ground floor, and thus it is not
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representative of the radon exposure to all citizens
since most people do not live on the ground floor. So,
it is necessary to convert indoor radon map to a dose
map. One of the examples is presented as a plan to
develop models that allow correction from ground-
floor dwellings to the real situation, accounting data
from the national buildings database [12]. In Serbia,
national typology of residential buildings is based on
the results from the monography “National typol-
ogy of residential buildings of Serbia” by a group
of authors from the Faculty of Architecture [13].
There are six types of the residential buildings in
Serbia: two for family housing — freestanding single-
-family house and single-family house in a row and
four types for multifamily housing - freestanding res-
idential building and residential building (lamella)
(apartment block with repeated multiple lamellar
cores and separate entrances), residential building in
arow, and high-rise residential building. Distribution
of buildings by type at the national level shows that
97% of all residential buildings are family housing.
Also, for all defined types of buildings, number of
floors ranges from one to eight above the ground
level. Freestanding family houses are mostly ground
floor (37%) or ground floor with loft in use (26%),
while there is a very low representation of houses that
have more than two floors (5%), with average floor
level of family buildings of 1.4 [13]. In such sense, we
chose one freestanding single-family house with loft
with well-known radon characteristics [14] and one
16-floor high-rise residential building for this study.

Materials and methods

Two housing units were selected, one from the family
housing group and one high-rise residential building
from the collective housing group. The family house
has a characteristic construction style in which the
house has been built for several years with constant
upgrading, which can potentially be a source of radon
entry into such houses. The house has a basement
and is made of standard materials (brick block, con-
crete, plaster). Finally, insulation was made using
5-cm thick styrofoam. Long-term measurements of
radon concentrations have been carried out in this
house by various methods, and several scientific
papers have been published so far [14-16].
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From the group of residential buildings for col-
lective housing, we chose high-rise building in New
Belgrade. It was built in the 1960s as block type.
The soliter has a basement, while on the ground
floor there are outlets and business premises. The
apartments are located in the first floor upward.
The soliter has 16 floors. One of the important pa-
rameters in the selection of building in municipality
New Belgrade is the fact that this municipality is the
most populated in Serbia.

The long-term radon measurements were per-
formed with passive device Radtrak® Radonova
based on CR-39 track detector. The detectors
were exposed for three months from March to June.
In the high-rise building, passive radon detectors
were deployed at some of the floors in one or sev-
eral apartments. Time series of measured radon
concentrations in the studied residential buildings
were obtained using two active devices: SN1029
with the following characteristics declared by the
manufacturer — the measurement ranging from
1 Bg'm~t099.99 kBq-m~, accuracy equal to +25%,
sensitivity of 0.16 counts/h/Bq-m~ and SN1030 with
the following characteristics — the measurement
ranging from 1 Bg-m™ to 99.99 kBq-m, accuracy
equal to +20%, sensitivity of 0.4 counts/h/Bq-m™.
SN1029 device were calibrated at the accredited
metrological Lab (SUJCHBO Kamenna, Czech Re-
public) in 2015 and model SN1030 were calibrated
by the manufacturer in 2017. The both instruments
participated in 2018 NRPI Intercomparisons of
radon gas continuous monitors and also, SN1029
device participated in 2015 NRPI Intercomparisons
of radon gas measurement devices at SURO v.v.i.
Institute, Prague, Czech Republic within the IAEA
Technical Cooperation Projects RER 9153 and RER
9127, with excellent results. These are measuring
devices of simple construction and practical applica-
tion. It is a counter with the addition of a sensor for
measuring meteorological parameters. The operator
can adjust the time sequences from 0.5 h to 24 h. One
measurement cycle can take 1000 h or a total of 720
time sequences (the number of successive measure-
ments, i.e. points in a time series). The devices were
set to operate in a 2-h time sequence. One was fixed
in the downstairs living room and the other was fixed
in repositioning floors in apartment buildings. Each
measurement cycle on a given floor lasted seven days.
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Fig. 1. The time series of the radon concentrations at the first floor vs. basement (a) and 16th floor (b) in the big

residential building.
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Fig. 2. The time series of the radon concentrations at the first floor vs. basement (a) and loft (b) in the single-family house.

Table 1. Results of indoor radon measurements in the
high-rise residential building using passive (Radtrak?
Radonova) and active radon devices

Arithmetic
Average mean
Radon (standard
. radon .
concentration/ . deviation)
Floor . . ' concentration
Passive device radon
level »  per floor level .
(Radtrak?) > concentration
5 (Radtrak?)
[Bgm™] s over
[Bg-m~] -
measuring
cycle [Bqg-m~]
52 +10
69 = 12
Basement 38 + 10 53.5 81(17)
55 =10
<10
1 14+8 14 5(3)
2 17+ 8 17 24(9)
25(10)
218
4 20 + 8 20.5 26(11)
11 +38
5 27 =10 19
22 + 8
6 12+ 8 17
17+ 8
7 23+ 8 23 25(10)
8 22+ 8 22
15+ 8
9 16 + 8 17.7 24(10)
22+ 8
20 = 8
10 15+ 8 17.5
11 16 + 8 16
12 <10 <10
20 = 8
14 17+8 18.5 29(9)
15+ 8
15 16+8 15.5
16 31+8 31 32(12)
Overall mean 24 21.6 30

Results and discussions

Figure 1 shows the illustrative examples that show
radon time series from high-rise building, and
Fig. 2 originates from the observed single-family
house.

The arithmetic mean radon concentrations ob-
tained from long- and short-term measurements are
shown in Tables 1 and 2 for high-rise building and
single-family house with loft, respectively.

In the family house, it is possible to notice
marked variations in radon concentration with
1-day periodicity. Also interesting is the ratio of
radon concentration on the ground floor to the
basement of the house, which is the opposite of
the usual situation in houses with a basement. This
inverse behaviour can be explained by the fact that
the basement does not cover the whole ground floor
but a smaller part of it. The rest of the ground floor
is covered by a concrete slab as a substrate, but
cracks and poor joint with the walls are potential
sources of elevated radon. Also, the differences in
the results between two methods, passive and active
devices, are due to the fact that presented radon
values are measured in different seasons. With high-
-rise residential building, the situation is the op-
posite and it can be considered from the first floor
that the dominant source of radon is the building
material. There may even be a slight increase in the
mean radon concentration on the higher floors. Also,
the results show very low radon level on the first
floor (well below the outdoor values) in the apart-
ment. In such sense, we performed test intercom-
parison radon measurements for two active devices
SN1029 and SN1030 in well-defined and controlled
radon atmosphere (radon concentration below
30 Bg'm™) in the Underground Low-background
Laboratory in the Institute of Physics Belgrade
[17, 18]. Additional testing includes the same place
and time of the measurements but different sampling
time setto 1, 2, 4, 8 and 12 h. The results are shown
in Table 3.

In the above performed measurements, both
devices show significant differences in the low-level
radon range, which may originate from individual
instruments characteristics presented in the “Mate-
rials and methods” section.
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Table 2. Results of indoor radon measurements in the single-family house with loft using passive (Radtrak* Radonova)

and active radon devices

Floor level (Radtrak?) [Bq-m™]

Radon concentration/Passive device

Arithmetic mean (standard deviation) radon
concentration over measuring cycle [Bq-m=]

Basement 160(202)
Ground level 330 = 50 579(194)
Loft 18 + 8 53(21)

Table 3. Test intercomparison indoor radon measurements with active radon devices SN1029 and SN1030

Arithmetic mean (standard deviation) radon concentration over measuring cycle [Bq-m=]

Sampling time [h] 1 2 4 8 12
SN1029 28(12) 28(11) 27(7) 23(6) 32(14)
SN1030 12(6) 14(7) 10(3) 12(5) 14(6)

Conclusions

The results show that the radon behaviour in two dif-
ferent residential buildings is diametrically opposite.
In the single-family house with loft we registered in-
tense difference between radon concentration in the
ground level and loft, while in the high-rise residential
building the radon level was almost the same at all
floors and hence we may conclude that radon origi-
nated mainly from building materials. However, the
results from the high-rise building can be predicted
on the basis of work of a group of authors who have
determined the internal exposure from construction
material used in Serbia which originates from the
exhalation of radon and thoron [19] and the study
presented in this article [10]. We can expect similar
results in any other multistorey buildings in Serbia.
In the future work, we will focus on the additional
radon measurements in the typical residential build-
ings from other types of houses.
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