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Abstract: The change of natural ionizing radiation and the radon exhalation rates from typical
building materials in underground parking lots are presented in the article. The activity concentration
of natural radionuclides 23?Th, 2°Ra, and *°K in six important types of construction materials, which
are mostly used in Lithuania, were analyzed using high-resolution gamma spectroscopy. The highest
values were found in concrete and ferroconcrete samples: 22°Ra 44 and 90 Bq kg~!; 222Th 29 and
34 Bq kg~ !; *°K 581 and 603 Bq kg~!. A strong positive correlation (0.88) was observed between
radium activity concentration and radon concentration. The activity indexes (I and I,/) and radium
equivalent activity (Req) evaluating the suitability of materials for such constructions from the view
of radiation safety were determined. The average values of the calculated absorbed dose rate in
samples ranged from 18.24 nGy h™! in the sand to 87.26 nGy h™! in ferroconcrete. The calculated
annual effective dose was below the limit of 1.0 mSv y~!. The values of the external and internal
hazards index (Hex and Hj,) were all below unity, and the values of I, and Ix were below the
recommended levels of 0.5 and 1. Dosimetric analysis of underground parking lots was carried out.
It was determined that the external equivalent dose rate caused by the 22Rn progeny radiation in
the underground car parking lots varies from 17 to 30% of the total equivalent dose rate.
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1. Introduction

Ionizing radiation is one of the factors that can have a negative impact on human
health. Natural radiation such as cosmic radiation, radionuclides in the soil and construc-
tion materials, radon gas are the highest sources of human radiation exposure. Even low
doses of ionizing radiation can cause chronic diseases, cancer can also lead to various
negative health effects. Negative consequences can occur many years after exposure. It is
impossible to avoid the impact of radiation, but it can be reduced.

226Ra, 232Th, and %°K in construction materials is an important source of human ex-
posure [1,2]. Gamma radiation of these natural radionuclides causes external exposure.
Building materials can be radioactive for various reasons, mostly due to the raw materials
with a high activity concentration of natural radionuclides that are used for their produc-
tion. Therefore, it is important to control the activity concentration of radionuclides in
construction materials. One of the ways to reduce the external exposure dose is to select
building materials with the low-level activity of radionuclides. Calculation of doses due to
radionuclides in building materials is important from the point of radiation safety. High
activities of natural radionuclides in building materials may be the cause of higher dose
rates indoors, especially when products from various industries are used in the production
process [3].

Radon exhalation from building materials is also an important problem as this ra-
dioactive inert gas is the most important source of internal exposure. According to some
studies, radon and its decay products determine about 50% of the total dose from natural
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radiation [4,5]. Although the main source of radon indoors is soil, in some cases, the main
sources of indoor radon can be construction materials—contribution is estimated to be
up to 30% [6]. Radon is an alpha emitter; therefore, radon radiation is easily absorbed by
human skin. However, radon gas can be inhaled by humans, and radon decay products
(*'8Po, 214Pb, and 2!*Bi) can cause internal exposure [7]. The main risk posed by radon
and its progeny is that it can cause respiratory tract and lung cancer. Radon disperses
rapidly outdoors and is not a health issue. Most radon exposure occurs indoors where
radon can have high activity concentration. It has been evaluated that the equivalent dose
rate caused by ionizing radiation of radon progeny 24Pb and 2!4Bi can vary from 2 to
20% of the total equivalent dose rate [8,9]. The average annual effective dose from natural
sources is 2.4 mSv: 1.1 mSv of it is due to the basic background radiation, 1.3 mSv due to
exposure to radon [10]. According to Lithuanian Hygiene Norms and European Union
directives, the indoor radon concentration must not exceed 300 Bq m~3[11,12].

The exposure of radon progeny concentration in underground parking lots is de-
termined by the ventilation intensity and radon exhalation from the soil and building
materials. To reduce the amount of radioactive inert gas in parking places, it is necessary
to study and use emanation blocking means in building materials; it is also important
to know and control the activity concentration of ?°Ra in soil and building materials,
as the intensity of radon exhalation depends on it [13]. It has been evaluated that the
used quantity of building material and its particular place in a building determines the
exposure [14].

In order for the population to be exposed to less radiation from radionuclides in
construction materials, the activity concentration of radionuclides in building materials
used in the construction must not exceed predefined limit values. Indoor radon research is
carried out regularly. After assessing the exposure to ionizing radiation from radionuclides
in building materials and the change and formation of this exposure, it is possible to plan
measures that must be taken to optimally reduce the exposure.

Although the typical duration of stay for persons in underground parking lots is from a
few minutes to a few hours per day, there are exceptions. In Lithuania, car cleaning centers,
car wheel services, and various small repair workshops are found in the underground
shopping centers. The people who work in them and customers spend a lot of time.
Additionally, there are known cases when humans set up sports and training facilities and
creative workshops in underground garages under apartment buildings. Therefore, it must
be taken into account that some people can spend much more time in underground parking
places than others. This is important from the point of view of radiation protection.

Identification of radiation sources, determination of exposure, investigation of varia-
tion, and distribution principles of radiation doses is an important stage of radiation safety
optimization; therefore, it is important to analyze the human exposure sources and to
choose the most optimal protection against ionizing radiation.

2. Materials and Methods

The measurements were undertaken in typical parking lots, located one floor below
dwellings or shopping centers. Samples were taken in several ways. Some samples were
collected from manufacturers and suppliers. Other samples, if it was possible, were taken
at underground parking lots. For the statistical evaluation of the activity concentration
distribution of natural radionuclides, 20 to 50 samples of the same material were taken.

To identify gamma radionuclides *°K, 2>2Th, 22°Ra and measure their activity concen-
tration the samples of the main building materials used for the construction of underground
parking lots (clay, cement, sand, gravel, concrete, and ferroconcrete) were prepared for
spectrometric analysis. The samples were dried at 105 °C in a laboratory oven, then crushed
and homogeneously put into measuring containers of 200 mL and left for four weeks to
reach secular equilibrium between ?°Ra and its progeny. The samples were analyzed
with the gamma spectrometry system Canberra, USA, with the semiconductor Hyper Pure
germanium (HPGe) detector (model GC2520). HPGe detector has an energy resolution
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full width at half-maximum (FWHM) of 1.9 keV at 1330 keV (°°Co). The detector has a
high peak to Compton ratio of 58:1 and relative efficiency of 30%. The samples of building
materials were measured spectrometrically for at least 90 000 s. 22°Ra activity concentration
in the samples was defined based on its decay products 214pp (352 keV) and 214Bi (609 keV),
while 232Th was defined based on 228 Ac (911 keV) and 29Tl (583 keV). 4°K was determined
directly according to the 1460 keV energy gamma-radiation peak.

The radon exhalation rate was measured by hermetically closing the sample in a
container and observing the radon activity growth as a time function [3,15,16]. The samples
were kept in cylindrical containers of 400 mL capacity. LR-115 track detector was used
in this study. The detector is exposed to the exhaled radon from the sample and fixes
o-particles resulting from the radon progeny in the volume of the container and ?'8Po and
214po deposited on the inner walls of the container. Following the long-term exposure, the
LR-115 detector was chemically etched for developing the tracks registered in the films and
the concentrations of radon and its decay products were determined.

The equivalent dose rate (EDR, nSv h~!) caused by natural radionuclides in under-
ground parking lots building materials was measured. Dosimetric measurements were
performed using an InSpector 1000 a high-performance digital handheld multichannel
analyzer with a Nal detector (IPROS-3), energy range 50 keV to 3 MeV [17]. The analyzer
has computer interface software Genie 2000. The equivalent dose results are updated once
per second. The parking lot where the EDR was measured (no closer than 50 cm from the
wall) was split into imaginary squares with an edge length of 2 m. The average EDR value
of the five measurements was recorded at the center of each imaginary square with the
detector held at a height of 1 m. The number of measurement points depends on the size
of the parking lot.

At the same time, radon concentration was measured using radon and thoron mea-
surement system SARAD RTM2200. The monitor is based on «-spectrometry forming
222Rn progeny (>'8Po and 2!4Po) inside the high-quality silicon radiation detector chamber.
Radon progeny deposit on the surface of the semiconductor detector and alpha radiation
was registered. Measurement upper range of the radon concentration is 10 MBq m~3,
device sensitivity—3 or 7 cpm/(kBq-m~3) for fast or slow mode. Radon concentrations can
be registered at different time intervals.

3. Results and Discussion
3.1. Radon Exhalation Rate

Radon surface and mass exhalation rates were calculated using Equations (1) and (2),
respectively [15,18].

B CVA/A
s = T/ (e T ) @

and
CVA/M

T T+ (1/A) (e AT 1)

Em @
where E is surface exhalation rate (Bq m~2 h™!); Ey is mass exhalation rate (Bq kg~ h™1);
C is integrated radon exposure (Bq m~3 h~1); V is the volume of air (m?); A is radon decay
constant (h~1); T is the exposure time (h), A is the surface area (m?)m and M is the mass
(kg) of the sample, respectively.

Radon surface and mass exhalation rates and other parameters of the most commonly
used building materials are presented in Table 1.
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Table 1. Radon surface and mass exhalation rates and other parameters of studied building materials (M.V. £ o).

Rn Surface Rn Mass Bulk Densit
Building Material Exhalation Rate Exhalation Rate Emanation Factor (%) Porosity (%) (kg-m—3) y
(mBqm2h-1)  (mBqkg 1h1) 8
Sand 102+£15 1.12£0.16 5+0.7 324+35 1620
Clay bricks 183+1.3 1.22 +£0.15 3+05 23 + 3.2 1950
Cement 199+16 1.19 +0.13 11+19 12422 2020
Concrete 243 4+1.2 293 +0.18 10+1.3 16 £2.6 2200
Ferroconcrete 262+ 14 295+ 0.17 16 +2.1 18 +29 2400

Radon surface exhalation rates vary from 10.2 + 0.5 to 26.2 + 0.4 mBq m 2 h™};
radon mass exhalation rates vary from 1.12 4 0.06 to 2.95 & 0.07 mBq m~2 h~! (uncer-
tainties are given with coverage factor k = 2). The maximum rate of radon exhalation
was observed in the concrete and ferroconcrete samples. It is worth mentioning that the
radon exhalation rate changes with the age of the concrete. Various researchers [3,19-21]
estimated that the radon exhalation rate was decreased with the increasing age of concrete.
Additionally, it was estimated that the radon exhalation rate of concrete is reduced by low
humidity conditions. Therefore, the results show that radon exhalation from samples of
concrete measurements is dependent on the humidity and age of the sample and should
be standardized.

Radon surface exhalation and mass exhalation rates found for sand are the lowest
values and for concrete and ferroconcrete are found to be the maximum. The emanation
fraction varies from 5 to 16%. The results obtained in this work are within the values
measured in other countries [18,22-25]. Correlation analysis showed a strong positive
correlation (0.88) between radon concentration and radium activity concentration in various
samples, which may be due to the radium content and porosity in the samples (Figure 1).
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Figure 1. The correlation between radon concentration and radium activity concentration.

Research of radon activity concentrations in underground parking lots with work-
places has shown that people work in a safe environment in terms of radiation safety. The
radon activity concentration varied from 22 + 3 to 270 & 18 Bq m ™~ (the average value
was 83 + 7 Bq m~3). Indoor radon activity concentration did not exceed the level of the
Lithuanian hygiene standard [11]. However, several cases were close to the maximum
level. Such results may have been due to the fact that no mechanical ventilation systems
were installed that do not allow radon to accumulate on the lower floors of the building.
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3.2. Estimation of Radium, Thorium, and Potassium in Various Samples

The activity concentration (C, Bq kg_l) of potassium, thorium, and radium were
calculated using the following Equation (3) [26]:

C— CPS x 100 x 100 n SDcps x 100 x 100
o B.I.XEfme B.I.XEfme

®)

where CPS is the net count rate per second, SDcps is the standard deviation of net count
rate per second, B.I. is the branching intensity, Ey is the efficiency of the detector, and m is
sample mass in kg.

Table 2 shows the average activity concentrations of the radionuclides “°K, 2*2Th,
and ??°Ra in structural materials used for building underground parking lots, as well as
the corresponding standard deviation in the materials under investigation. It has been
determined a wide range of activity concentrations of natural radionuclides contained in
building materials: *K—13-1217 Bq kg !, 2°Ra—2-124 Bq kg !, 2’Th—1-72 Bq kg ..
The lowest activity concentrations of natural radionuclides have been found in sand,
cement, and gravel, while their highest activity concentrations have been measured in
ferroconcrete, clay, and concrete. The commonly used building materials samples satisfy
the safety criterion of the recommended safety limit for the public [27]. Therefore, these
samples do not pose any health hazard for the human.

Table 2. Activity concentrations of *°K, 222Th, 2?°Ra in studied building materials and activity indexes.

40 232TH 26Ra

Building Material MV.+ o M.V.+ o M.V. + ¢ Ly Ix

(Range) (Range) (Range)

Clay 108734 ot 10D 0.28 0.12
Cement gg_ﬁg}g ?1j_:8; %;—1:6;1 0.20 0.20
Sand (9710 (L19) s 0.14 0.06
Gravel 15.342) o) P 0.19 0.09
Concrete (51881_1i21277) %;_1}? Ag_:;z? 0.48 0.22
Ferroconcrete (?1073—1i1§81) ?f_?;; 231:';:) 0.67 0.45

The values of activity indexes I, and I are given in Table 2. These indexes are used
for the overall evaluation of building materials from the view of radiation protection.
The gamma activity index (Iy) is calculated using the following Equation (4):
_ Cra , Cmn, Ck

L, =
Y7300 200 ' 3000

4)

where Cr,, Ctp, Ck are activity concentrations of 226Ra, 232Th, and 4K in Bq kg’l.

The gamma activity indexes of natural radionuclides in building materials varied
from 0.14 to 0.67. They did not exceed the values determined by the Lithuanian Hygiene
Norm [28] and regulated by the European Commission [29].

Alpha index (I) assesses internal hazards originating from the alpha activity of
building materials. This parameter evaluates the exposure level due to radon inhalation
originating from building materials. The I, has been proposed by S. Righi [30].



Appl. Sci. 2021, 11, 7475 6 0f 11

The alpha index calculated using Equation (5).

_ CRa
200

[ ®)

The activities of radium must not exceed a value of 200 Bq kg, to avoid exposure to
the indoor radon concentration of more than 200 Bq m~3. In this work, the alpha index
ranged from 0.06 to 0.45 from building materials. The highest value of I, 0.45 was found
in ferroconcrete samples as well as the highest value of I, 0.67.

The values of activity concentration index I, and I, regulated by the European Com-
mission radiation protection principles shall not exceed 0.5 and 1, respectively [29].

It is known that the absorbed dose rate is not directly related to radionuclide con-
centrations in constructions materials. Other parameters that are important for dose rate
indoors are analyzed below.

3.3. Evaluation of Radiological Hazard Parameters in Building Materials
3.3.1. Radium Equivalent Activity

The natural radioactivity of construction materials is usually determined from the
content of natural radionuclides *°K, 232Th, and 22°Ra. The distribution of these radionu-
clides in building materials samples under investigation is not uniform; therefore, a radium
equivalent activity index (Raeq) was introduced. Raeq is an index used to represent the
activity concentrations of “°K, 232Th, and ??°Ra by a single quantity, which takes into
account the radiation hazards associated with them. Raeq is calculated according to the
following Equation (6):

Raeq = Cra + 1.43Crp, + 0.077Cx (6)

The calculated values of Raeq for all types of building materials ranged from 37.01 to
185.05 Bq kg~ !, which is less than the limit of 370 Bq kg~ [17,31-33]. This value is defined
by the Organization for Economic Cooperation and Development to keep the external
dose below 1.5 mSv y~1. The highest value of Raeq is estimated in ferroconcrete samples
(Table 3).

Table 3. The average values of absorbed dose rate, annual effective dose, and hazard parameters for building materials.

Outdoor Annual Indoor Annual

Building Material (Bcllzllz;qfl) Dizzrliiielx(gg);iei) Effective Dose Effective Dose Hey H;,
(mSv) (mSv)
Clay 73 36 0.045 0.18 0.20 0.26
Cement 56 26 0.032 0.13 0.15 0.26
Sand 37 18 0.022 0.09 0.10 0.13
Gravel 48 24 0.029 0.12 0.13 0.18
Concrete 130 62 0.076 0.31 0.35 0.47
Ferroconcrete 185 87 0.107 0.43 0.50 0.74

The results show that Raeq of different building materials can vary significantly. This is
important in choosing the appropriate materials for building constructions. Actually, Raeq
of the same type of building materials can have large variations. Therefore, it is important
to identify their radioactivity levels before using building materials.

3.3.2. Absorbed and Annual Effective Dose Rate

Gamma radiation hazards related to building materials can be evaluated by calculating
the different radiation hazard parameters [34]. One of the parameters to estimate radiation
risk to humans is absorbed dose rate (D). The absorbed dose rate can be calculated by the
concentrations of 4K, 2°Ra, and ?*’Th by applying the conversion factors 0.0417, 0.462,
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and 0.604 for potassium, radium, and thorium, respectively [32]. These conversion factors
were used to calculate the total absorbed gamma dose rate in the air of underground car
parks at 1 m above the ground level. The absorbed dose rate has been calculated by using
the Monte Carlo method [35]:

D = 0.0417Ck + 0.462Cg, + 0.604Cry, @)

where D is the absorbed dose rate (nGy h™1).

To determine annual effective dose (AED) the conversion coefficient from absorbed
dose to effective dose and the indoor and outdoor occupancy factor must be taken into
account. The conversion coefficient from absorbed dose rate in the air to effective dose
is 0.7 Sv Gy !, which is used to convert the absorbed dose rate to human effective dose
equivalent with an outdoor occupancy of 20% and 80% for indoors, proposed by [32].

The annual effective doses are calculated as follows:

AED, 1400y = 02 x D x t x F x 107 8)

AED;ygo0r = 08 x D x t x F x 107° )

where AED is the annual effective dose (mSv y_l); D is absorbed dose rate (nGy h=1); tis
the duration of the exposure (8760 h); F is the conversion factor of 0.7 Sv Gy 1.

Applying Equations (7)—(9), the absorbed and annual effective dose rates from the
samples were calculated, as given in Table 3. The average values of the calculated ab-
sorbed dose rate in samples ranged from 18.24 nGy h~! in the sand to 87.26 nGy h~!
in ferroconcrete. The values of AED;,4,, were found to vary from 0.09 to 0.43 mSv y L.
AED 4400y varied from 0.022 to 0.107 mSv y~!. The annual effective dose from ferroconcrete
is higher than the other samples. The lowest annual effective dose was found in sand and
gravel. However, it was estimated that all these building materials samples satisfy the
safety criteria for radiation safety point of view, and hence, these samples do not pose any
environmental and health hazard problems. The calculated annual effective dose is below
the limit of 1.0 mSv y~! recommended by the International Commission on Radiological
Protection for the general public.

3.3.3. External and Internal Hazard Index

The values of external (Hex) and internal (Hj,) hazards are shown in Table 3.
External hazard index is calculated using Equation (10) [36,37].

Hex 4 =Th, *K 4 (10)

T 370 T 259 4810 —

Internal hazard index is calculated using the following Equation (11) [36,37]:

Sk Omoy Gy (11)

H. —
m 185 259 © 4810 —

The values of these indices must be lower than 1, to ensure that the radiation hazard
is insignificant in the investigated area [32,38].

As can be seen, the maximum values of Hex and Hjj, are found in ferroconcrete samples,
0.50 and 0.74, respectively. The values of Hex and Hj, are all below unity; therefore, the
materials analyzed in this study can be safely used for the construction of buildings.

3.4. Estimation of Equivalent Dose Rate Caused by Radon

Consistently registering the records of the dosimeter, information on the equivalent
dose rate of parking places was collected. The equivalent dose rate is influenced by ionizing
radiation of radionuclides in the ground surface and air as well as cosmic radiation [39].

External equivalent dose rate (EDR) values caused by radiation of natural radionu-
clides, respectively, 40K, 226Ra, and 2%2Th are presented in Figure 2. To evaluate the
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Total EDR, nSv h1
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Figure 3. Variations
parking lots.

measured equivalent dose rate in the underground parking lots, the results were compared
with the measurement results in the aboveground parking lots. Figure 2 shows the equiv-
alent dose rate measured in artificial ventilated underground parking lots and natural
ventilated aboveground parking lots.

120 B Aboveground parking places with natural ventilation
100 ¢ Underground parking places with artificial ventilation
=
> 80 { } % }
cg i
. 60
2 '
20
0
0 2 4 6 8 10 12

Number of parkings
Figure 2. Equivalent dose rate (EDR) in different types of parking lots.

Experiments show that the highest values of EDR are measured in underground
parking lots with artificial ventilation. About 2-20% of the radiation is radon progeny in
these parking places, and this is explained by the fact that the biggest amount of radon is
in the soil, and it tends to accumulate specifically in rooms and underground structures
that are in contact with the ground [40].

Figure 3 shows a variation of the equivalent dose rate caused by radon and the total
equivalent dose rate. EDR was measured and the 2?Rn activity concentration in the air
was determined in the underground parking lots at the same time to estimate which part
of the total EDR is due to the ??*Rn.

total EDR —e— EDR caused by radon progeny 35

22Rn EDR, nSv h!

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr1r1rr1rrr1r1r 1 rrroT 5

2 4 6 8 10
Month

of the equivalent dose rate caused by ?’Rn and total equivalent dose rate in the underground

It was evaluated that EDR caused by the ?*’Rn and its progeny varies from 17 to
30% of the total EDR in the underground parking lots. Radon activity concentration can
be reduced by using radon exhalation from the ground and building materials blocking
means: seal cracks, cover surfaces (e.g., paint), fill pores, and others. It is important to
ventilate underground parking lots more frequently. Additionally, building materials with
the lowest 22°Ra activity concentration should reduce radon and its progeny concentration.
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4. Conclusions

Activity concentrations of 40K, 22T, and 22°Ra in the building materials used for
construction underground parking lots were determined. The highest values were found
in concrete and ferroconcrete samples: °K 581 and 603 Bq kg !, 2?Th 29 and 34 Bq kg~ !,
226Ra 44 and 90 Bq kg !, respectively. A statistically significant positive correlation (i.e.,
0.88) between radium activity concentration in building materials and radon concentration
in underground parking lots has been found. The highest values of radon exhalation
were determined in ferroconcrete samples. The radon exhalation rates showed a good
correlation with radium concentration.

It was estimated that the values of external (H,y) and internal (Hj,) hazard indexes
in the studied samples were lower than the recommended limits. The calculated values
of Hex and Hjy, as well as the values of gamma (I) and alpha (I«) activity indexes, were
below the recommended level of 1. Therefore, it is safe to use the materials analyzed in this
study for the construction of underground parking lots.

Having assessed the possible additional exposure induced by the radioactivity of
the building materials contained in underground parking lots, it was established that the
absorbed dose rate (D) and annual effective dose (AED) increase up to 2.5 times; however,
they do not exceed the maximum permissible rates of natural exposure. The studied areas
may be considered safe from a radiological point of view. The calculated radium equivalent
activity (Raeq) was below the upper limit of 370 Bq kg~! in all types of building materials.

The equivalent dose rate (EDR) in artificial ventilated underground and natural
ventilated aboveground parking lots was experimentally determined. It was estimated
that the highest values of EDR are measured in artificial ventilated underground parking
lots and EDR caused by the radon, and its progeny varies from 17 to 30% of the total EDR.
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