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Abstract. The main sources of radon in the air of dwellings are soil, building materials, and groundwater. This
study aimed to determine the exhalation rate of *Rn from samples made of concrete and cement mortars, as well
as to evaluate by means of gamma spectrometry the hazard indexes associated with other radionuclides present
in the studied samples of building materials. The results obtained allowed the comparison of the exhalation
rate of radon using theoretical calculations based on one-dimensional and three-dimensional models. Measure-
ments of the activity concentration of radon in air was performed by AlphaGuard radon detector. Furthermore,
obtained results were compared with the measurements performed inside the concrete test cells. These test
cells were built with the aim of simulating a dwelling in small dimensions and to evaluate indoor radon activity
associated with concrete. Consequently, the obtained results of radon exhalation rate, in becquerel per meter
squared per hour, for the concrete was 2.55 + 0.03 Bq-h™-m for the 1D model and 0.461 + 0.008 Bq-h™'-m for
the 3D model. The exhalation rate of radon, for the cement mortar was 1.58 + 0.03 Bq-h™-m for the 1D model
and 0.439 + 0.011 Bq-h'm for the 3D model. The indoor concentration of *Rn from the test cell was 112 +
9 Bqg/m®. These values were below the limit of 300 Bq/m> recommended by the International Commission on
Radiological Protection (ICRP) and <148 Bg/m’, the limit recommended by the US Environmental Protection
Agency (US EPA). Even so, these values should be the subject of concern since that activity is related only to
the contribution of concrete walls.
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Introduction

Radon (**?Rn) is a naturally radioactive gas,
the principal sources of which within dwellings
are soil, building materials, and groundwater. Radon
is derived from the decay of isotopes from uranium
and thorium chains, and the biggest concern is re-
lated to the isotope #2Rn, whose half-life of 3.8 days
makes it possible for this gas to migrate from the
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be detected in the air of upper floors with poor
ventilation and is related to naturally radioactive
raw substances used in building materials [6, 7].

Considering that the quantity of radon exhaled
by construction materials is mainly determined by
the radium content, many efforts have been made
to study the correlation between radium activ-
ity in building materials and radon activity in air.
For example, according to a previously published
review [8], which used a model of a typical house
with indoor volume of 375 m?® with a floor concrete
slab of 10 cm thickness and masonry walls of area
150 m? with typical radium concentration of
40 Bq/kg, the radium content in those building ma-
terials could probably contribute to radon activity
in air between 0.006 and 0.56 Bg/s [8].

The present work discusses the results of mea-
surements of #?Rn exhalation rate from concrete and
cement mortars, as well as the characterization of
radionuclides present in these materials. Obtained
data were analysed using theoretical calculations
based on one-dimensional (1D) and three-dimen-
sional (3D) models for radon exhalation. These
building materials were selected because of their
vast usage in diverse masonry constructions, such as
houses and buildings, as well as underground con-
structions such as garages, shelters, and subways,
among others.

Materials and methods

The exhalation rate of radon from building materi-
als was evaluated by continuous measurements of
22Rn activity in air, using sealed glass containers
with inserted samples of selected materials. Further-
more, the samples of concrete and cement mortar
were characterized by gamma spectrometry analysis
with the aim of obtaining >**Ra concentration, which
is the radioactive precursor and the source of radon.
In the last step, the test cell was manufactured
using the selected concrete and cement mortars
to simulate the indoor environment of a dwelling.
222Rn activity in the internal air of the test cell was
measured using CR-39 track etch detectors installed
inside diffusion chambers, as described by Perna [9].
In this way, the calculated values of radon exhalation
rate from the sample of concrete and cement mortars
were compared with obtained values of indoor activ-
ity within internal volume of the test cell.

Manufacturing of samples of building materials
and construction of the test cell

In order to perform the measurements of exhaled
radon from concrete and cement mortars, cylindri-
cal samples of these materials of 5 cm diameter
and 10 cm height were molded. The samples were
prepared at the Federal University of Technology
- Parana (UTFPR), following the protocol estab-
lished by Brazilian Association of Technical Norms
(NBR NM 67: 2012; NBR 7215: 1996) [10, 11], as
described by Perna [9]. After manufacturing, the
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Fig. 1. General view of the test cell layout (1-A) and its
dimensions (1-B).

lateral surfaces of some samples were painted using
varnish for further analysis using the 1D model of
radon exhalation. Other samples were used in their
original state for further analysis based on the 3D
model of diffusion and exhalation.

To simulate the dwelling, the concrete test cells
were built in the form of a cube with massive walls
and hollow interior using CPIIZ-32 cement, com-
mon sand, and zero crushed stones. The manufac-
turing process was identical to that described earlier
[9]. General details of the test cell can be seen in
Fig. 1, which shows a layout of the test cell and its
dimensions.

Gamma spectrometry

Initially, powdered samples of concrete and cement
mortar were stored in Eckert borosilicate glass con-
tainers for 40 days, to achieve secular equilibrium
between ?*Ra and its decay products. After that,
using the installations of the Center of Nuclear
Technology Development (CDTN/CNEN, Brazil),
the samples were submitted to gamma spectrom-
etry analysis. These measurements were performed
using a gamma spectroscopy system (Canberra) [12]
with hyperpure germanium (HPGe) semiconductor
detector, with high efficiency (15%) and resolution,
installed inside the lead shield chamber. The analysis
was performed using the gamma transitions of #“Pb,
214Bj, 212pp, 212Bj, 28Ac, and “K to obtain the activ-
ity of #?°Ra, #?Th, and *°K in the studied materials.
Consequently, the obtained results were used to
evaluate the values of the radium equivalent activity
(Ra,,), the alpha hazard index (I,), and the gamma
hazard index (I,) following standard recommenda-
tions [13-15]:

(1) Raeq = ARa +1.43% ATh +0.077* AK
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where Ag., A, and A are the measured values of
specific activities of **Ra, 2*Th, and *’K, respectively.
From the radon concentration data obtained
by the AlphaGuard (Saphymo GmbH) detector, it
was possible to verify the radiological impact of the
building materials by calculations of the emanation
coefficient (f). This coefficient could be defined as
the ratio between the radon activity concentration
released (Ag,) into the air from the building material
and the radium activity concentration inside (Ag,)
the building material. Therefore, this relationship
can be represented by the following equation [16]:
ARn
) f= 5
Usually, the emanation coefficient f varies from
1 to 0.3, depending on the type of the building ma-
terial, its density, porosity, particle size and shape,
moisture content, temperature, atmospheric pres-
sure, and other physical factors [17].

Measurements of radon exhalation rate

Among the factors that influence the exhalation rate
of radon, the following factors need to be mentioned:
the amount of water present in the building material,
its porosity, grain size, temperature, atmospheric
pressure, material sample geometry, and so on [18].
One of the possible ways to measure the rate of exha-
lation from the material sample is by the continuous
monitoring of the radon activity in air as a function
of time, according to Eq. (5) [7, 19]. To do this, the
radon concentration has to be monitored in a closed
environment, e.g., in a chamber or container.

In(2)

(5) Ct)=C R % .[1 _e-[l;;;;]_tJ

where C is the concentration of ??Rn [Bg/m?], C; is
the initial concentration of ?Rn [Bg/m?], T}, is the
half-life of ?*Rn of 3.8 days (91.2 hours), ¢ is the time
[h], E is the exhalation rate of *Rn [Bq/h], and V
is the total free volume for air circulation. The first
term of the sum is related to the decay of the ??Rn
initially present in the system, while the second term
refers to the exponential growth of *?Rn released
by the material sample until it reaches equilibrium.
Evidently, when equilibrium is reached, the higher
the exhalation rate, the bigger is the radon activity
concentration in the indoor environment.

Short (48 hours) and long (12 days) measure-
ments of radon exhalation rate were performed with
four concrete samples and four cement mortar sam-
ples. The 3D model measurements were performed
with samples in their original state. In the case of
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Fig. 2. Schematic diagrams of the three-dimensional and
one-dimensional models of radon exhalation.

the 1D model, all surfaces of the material samples
were painted with impermeable varnish, except the
circular base area, through which radon gas can be
released into the external atmosphere, as shown in
Fig. 2. It is important to emphasize that, initially, this
work focused on the 1D model as it is considered
more accurate to describe the exhalation of radon
from the walls, ceiling, and the floor of the dwelling.

The experimental arrangement consisted of the
AlphaGuard professional radon monitor, glass jar
with material samples, rotameter, glass container,
air pump (AlphaPump), filters, and Tygon hoses
connected in close circuit (Fig. 3). For the back-
ground measurements without material samples, the
AlphaPump was adjusted to operate with a flow rate
of 0.5 L/min and the AlphaGuard was set to work
in the 1 min/flow mode. Background measurements
were performed over a period of 1 hour.

Short-term measurements of radon exhalation
rate over a period of 48 hours were performed using
four samples of the study materials installed inside
a glass jar. AlphaGuard was operated in 1 min/flow
mode with the AlphaPump running at a rate of
0.5 L/min. Each measurement was repeated four
times for every type of studied material. Long-term
measurements were performed over a period of
12 days using similar parameters of AlphaGuard and
AlphaPump operation and background control, but
these measurements were performed only one time
using four samples of each studied material.

To establish the relation between the radium
present in the studied samples of building materials
and the radon released into the atmosphere, three

Fig. 3. Measurement of radon concentrations with Alpha-
Guard detector. 1 — AlphaGuard detector, 2 — samples
within glass jar, 3 - filters, 4 — rotameter, 5 — glass con-
tainer, 6 — air pump (AlphaPump).
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samples of concrete and cement mortar were stored
in one sealed glass jar for 40 days to reach secular
equilibrium of **Rn and *°Ra isotopes. Measure-
ments of radon activity were performed individually
for each type of building material using the experi-
mental setup described earlier and shown in Fig. 3.
The measurements consist of three steps: the first is
AlphaGuard ventilation with the aim to reduce the
background and to ensure that intrinsic contamina-
tion of the equipment is as low as possible. In the next
step, the background is measured for 1 hour using an
empty and decontaminated glass jar. The third step
consists of the measurement of radon activity in the
atmosphere of glass containers with three samples of
the studied building materials using AlphaGuard over
a period of 2 hours. During the second and third steps,
the AlphaGuard is operated in 1 min/flow mode,
with the AlphaPump running at a rate of 0.5 L/min.

Measurement of indoor radon concentration

The contribution of radon exhalation from the
construction materials to the air of the indoor
environment was evaluated by installing 10 diffu-
sion chambers with CR-39 detectors inside the test
cell, where they remained for 21 days. The internal
volume of 7.1 cm® of the diffusion chamber was
protected by a hollow cap with an installed glass
microfiber filter GF52/C to restrain the entrance of
dust and aerosols (Fig. 4).

During the measurements, the test cell remained
in a well-ventilated room on the third floor of the
university building (UTFPR) in order to exclude
the possible contribution of radon from the soil
and to obtain more accurate data associated with
the concrete walls of the test cell. The background
was controlled using three control detectors, which
were installed in the external environment of a simi-
lar laboratory on the same floor. Among the seven
detectors installed inside the test cell, three were
placed at the bottom of the cell’s internal cavity,
two were placed in the middle, and the last two were
installed at the top — near the concrete cap of the
interior volume. The final results concerning indoor
radon activity were calculated using the weighted

Fig. 4. Diffusion chamber and CR-39 detector.

average of results from all seven detectors installed
in the test cell.

In the case of CR-39 detectors, the chemical
attack and alpha particle track development were
performed using 6.25 M sodium hydroxide (NaOH)
solution and ethanol (2%) for 14 hours at 70°C. The
alpha particle tracks were identified and counted
manually using an optical microscope with a mag-
nification of 100X and a glass overlay mask, which
permitted the identification of a 1 cm? surface area
of the CR-39. The calibration of CR-39 films was
conducted in collaboration with the Center for De-
velopment of Nuclear Technology (CDTN/CNEN) at
the facility of the National Institute of Radiological
Sciences (NIRS) in Japan, where 30 diffusion cham-
bers with mounted CR-39 detectors were exposed
within a controlled environmental storage room in
an atmosphere with varied concentrations of **?Rn.
Next, the exposed detectors were returned to the
laboratories of CDTN and UTFPR, where they were
etched and read. The comparison between the radon
activities used for calibration and the obtained num-
ber of alpha particle tracks, together with statistical
errors, resulted in Eq. (6) [20].

(6) C = (405 = 30)'n [Bg-cm*h-m7]

where 7 represents the density of the counted alpha
particle tracks per square centimeter and per hour
of exposure of the CR-39 detector to the studied
environment and C is activity concentration of radon
in becquerel per meter cubed [Bg/m?].

Results, discussion, and conclusion
Results of gamma spectrometry analysis

The results of gamma spectrometry analysis of con-
crete and cement mortar are shown in Table 1; the
results of 2°Ra, %?Th, and *’K activity concentration,
together with the calculated values of the radium
equivalent activity (Ra,) and the gamma hazard
index (1,), are shown.

The results for I, do not exceed the value of 0.5
recommended by the European Commission (1999)

- CR-39 detector

- Disassembled chamber
- Filter

- CR-39 with filter.

- Assembled chamber

Table 1. Obtained results of gamma spectrometry analysis and calculated values of hazard indexes Ra,, and I,

Ara Ay Ax Ra,
| I d
Sample [Bq/kg] [Bq/kg] [Bq/kg] v [Bq/kg]
Concrete 13.8 £ 0.2 29.7 £ 0.2 4345 + 3.5 0.3395 = 0.0017 89.8 + 04
Cement mortar 12.6 £ 0.2 296 0.2 361.8 = 3.5 0.3106 = 0.0017 82.8 + 0.4
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Fig. 5. Graphical comparison between the curves of the

radon exhalation rates.

for an annual effective dose of 0.3 mSv/year [13].
It should be noted that both concrete and cement
mortar samples presented radium equivalent activ-
ity (Ra,,) below the maximum permissible value of
370 Bg/kg [14], which corresponds to an annual
effective dose of 1 mSv/year, for the residents of
simple family houses and apartments recommended
by United Nations Scientific Committee on the Ef-
fects of Atomic Radiation (UNSCEAR) (2000) [15].

Results of radon exhalation rate measurements

The function represented by Eq. (5) was adjusted
to the experimental data obtained by AlphaGuard

6-A

One-dimensional model

g

QU

500 =

2 concentration (Bg/m')

radon detector during exhalation rate measure-
ments. The free volume V of the experimental setup
was estimated to be equal to 3.33 x 10 m®. First,
the decay rate used for the adjustment was that
which considered the half-life of *Rn of 3.8 days
(91.2 h), represented by the red curve (Fig. 5). It
has to be noted that this curve does not agree with
the experimental data and it shows that equilibrium
(curve’s plateau) should occur later than it was ob-
tained. The same curve indicates that the increase in
concentration should continue growing. This means
that either the experimental setup had gas leakage or
that the characteristic decay time (effective half-life
described later) is not 3.8 days. This can occur due
to the longer time that radon takes to be released
from the material sample and be detected by the
AlphaGuard. Hence, as no gas leakage was found
in the measurement circuit, the second hypothesis
was taken as the most appropriate.

As discussed in a previous paper [19], the so-
lution to this problem is to substitute in Eq. (5)
the half-life of radon (T,,;) by a new quantity, viz.,
“effective half-life” G (Eq. (7)), which was used as
the fitting parameter. The results of this fitting are
shown in Fig. 5 by the blue curve. One can see that
such an approach is more adequate to describe the
experimental data. Moreover, if the fitting procedure
provides a value for G <91.2 hours, it means that,
on average, the radon takes some time to be released
from the material sample in the atmosphere of the
glass container.
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Fig. 6. Graph of 2?Rn concentration in the air exhaled from concrete (6-A and 6-B) and cement mortar (6-C and 6-D)
samples as a function of time. The results of numerical analysis (fitting) using one-dimensional and three-dimensional

models are shown as red line.
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Table 2. Mean values of exhalation rate fitting parameters

Sample Model Measurement C; G E E s E. .
p time [Bq/m’] [h] [Bq/h] [Ba/(hkg)] [Bq/(h-m?)]
1D 12 days 0x4 241=04 0.0801 =0.001 0.1819 = 0.0023 2.550 = 0.03
Concrete 48 hours 49 +4 23512 0.0855 +0.0019 0.1960 = 0.004  2.750 + 0.06
n 3D 48 hours 106 £5 20.0+1.5 0.0900 = 0.004 0.2060 = 0.008 0.482 = 0.018
12 days 496 220=x05 0.0870 % 0.0015 0.1980 = 0.003 0.461 = 0.008
1D 12 days 123 235*0.5 0.0495 =0.0008 0.1125 = 0.0019 1.580 = 0.03
Cement 48 hours 303 15.1+=0.8 0.0746 = 0.0020 0.1720 = 0.005  2.400 = 0.07
mortar 3D 48 hours 284 204=*11 0.0913+0.0023 0=x4 0.481 = 0.012
12 days 88+8 231+0.7 0.0827 +0.0021 0.1880 = 0.005  0.439 = 0.011
7(ln(2)j_t E.G 7( Mj . Table 3. Results of radon activity concentration [Bq/m?®]
(7) C@t)=C.-e'°’ + — [1 —_e\ G ] in the concrete and cement mortar
' V-In2
Material System + sample Sample
From the experimental point of view, the effec-  Concrete 2993 + 57 2956 + 57
tive half-life G gives the information of how long,on  Cement mortar 2188 + 39 2152 + 39

average, the radon atoms take to be released from
the sample, which could be termed the exhalation
time (Texhalatiun)y deﬁned by G = Tl/Z -a X Texhalation,
where a is some numerical coefficient related to
radon reabsorption by the material sample, back dif-
fusion, and similar processes. The results obtained
by such fitting can be seen in Fig. 6, where C; is
displayed in [Bq/m®], E in [Bg/h], and G in [h]. It
has to be noted that the comparison of the half-life
of ?Rn of 91.2 hours and the obtained value of the
effective half-life G of 18-32 hours gives a rather
elevated time of 22-24 hours of diffusion and exhala-
tion of radon from the studied samples of building
materials into the atmosphere of the glass container
(see the explanations of Table 2).

The final results of the data fitting using the
parameters of effective half-life (G), the radon ex-
halation rate (E), and radon exhalation rate per unit
mass and per unit area (E . and E,..) are shown in
Table 2. The values of the last two parameters were
obtained considering the masses of the building
material samples and their surfaces: in the case of
the 3D exhalation model, the entire surface area of
cylindrical samples was considered, and in the case
of the 1D exhalation model, only the area of the
circular base that was free for gas exhalation was
considered, while the remainder of the cylindrical
sample was painted using impermeable varnish.

In the case of long-term measurements, the ex-
ponential terms of Eq. (7) tend to zero, leaving the
constant term (E X G)/(V X In2), which depends on
E. During the 12-day measurements, such a steady
state was established after ~150 hours. In this way,
long-term measurements should be considered more
appropriate for the determination of exhalation rate
than short-term measurements. It was observed
that for cement mortar, radon takes about 21.1
+ 2 4hours (applyingthe 1D diffusionmodel) and22.3 +
1.7 hours (in the case of the 3D model) to be re-
leased from the building material. For concrete, the
evaluated exhalation time of radon was about 24.0
+ 2.6 hours and 21.8 * 2.1 h using the 1D and 3D
models for radon exhalation, respectively. It could be
concluded that the performed measurements and the
analysis of experimental data do not permit observ-

ing any difference in the exhalation time between
the 1D and 3D models for both materials.

Finally, Table 3 shows the **Rn activity con-
centration results obtained in the measurements
with the material samples that were maintained in
sealed glass containers for 40 days to reach secular
equilibrium of ?*Rn and ?**Ra isotopes.

These values were used to determine the #*°Ra
activity present in the studied samples and for fur-
ther calculations of the emanation coefficient using
its definition (Eq. (4)), the values for which were
found to be 38.2% = 1.0% for concrete and 31.7%
+ 0.8% for cement mortar. Usually the values of the
emanation coefficient for common building materials
vary between 1% and 30% [17].

Results of measurements of radon activity in the air
within the internal cavity of the test cell

The obtained value of radon activity concentration
in the air of the internal cavity of the test cell was
found to be 1680 + 140 Bg/m?. Evidently, this el-
evated value was obtained due to the area/volume
ratio of 0.3 cm™ for that internal chamber of test
cell. However, the area/volume ratio of a dwelling
is much smaller. Hence, the value of radon activity
concentration obtained in the test cell was extrapo-
lated to an internal environment of approximate di-
mensions of 3 X 3 x 3 m?, with area/volume ratio of
0.02 cm™. This extrapolated value of radon activity
concentration in the air of such a hypothetical en-
vironment was found to be equal to 112 + 9 Bg/m®.
Evidently, such result could be considered as valid
only in the case of equal thickness of concrete walls
and the absence of ventilation as maintained in the
measurements with the test cell. Anyway, consider-
ing that the upper limit for radon activity in the air
of dwellings is 300 Bq/m® [21] and considering that
the obtained value of 112 Bg/m?® is related only to
the radon released by the concrete walls, it can be
concluded that the observed possible contribution
of concrete and cement is rather significant and
requires further investigation.
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Conclusions

The way in which concrete and mortar concrete are
manufactured ensured similarity with the materials
commonly used in the construction of commercial
buildings and dwellings. The radon exhalation rate
was determined by monitoring the ?*?Rn activity in
a closed system (closed chamber method) during
long- and short-term measurements. The values of
the exhalation rate were calculated by fitting the
experimental data obtained using the theoretical
approach, where we used 1D and 3D models of gas
exhalation from cylindrical sample body.

The obtained results of radon activity in the air
of the concrete test cell do not represent the reality
of a human dwelling environment due to the differ-
ence between the area/volume factors. In this way,
the obtained extrapolated concentration value for
a human dwelling environment was 15 times lower,
namely, 112 + 9 Bg/m*. Even so, this value is sig-
nificant, since it is relative only to the contribution
of concrete walls. Hence, it is important to reduce
the radon exposure from the building materials using
mitigation approaches and to continue investiga-
tions concerning radon levels in living and work-
ing environments and the use of different kinds of
building materials.

The performed study intends to contribute to the
development of mitigation proposals for the decrease
of possible radon concentration to levels below
the limits established by international agencies, such
as the UNSCEAR [2-4], the International Commis-
sion on Radiological Protection (ICRP) [22], and the
US Environmental Protection Agency (US EPA) [23].
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