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Abstract

In this study, samples of building material additives were analyzed for naturally occurring radioisotope activity such as 
uranium, radium, and radon. The radon exhalation and the annual effective doses, were also calculated. The activities of the 
samples, were determined using HPGe gamma spectrometry and ionization detector. The results were used to calculate dose 
values by using RESRAD BUILD code. The activity concentration of the samples ranges between 9–494 Bq/kg Ra-226, 
1–119 Bq/kg Th-232 and 24–730 Bq/kg K-40. In conclusion the investigated samples can be used safely as building material 
additives as they do not pose a major risk to humans.

Keywords Gamma-spectrometry · By-product · Building material · Radon · Absorbed dose

Introduction

Some industrial raw materials contain significant concentra-
tions of natural radionuclides, these are naturally occurring 
radioactive materials (NORM), which are widely used in the 
production of some building materials, like Portland cement, 
concrete, bricks and so on [1–3]. In case of using this kind 
of material as additives in different kind of construction 
materials, the construction sector will fulfill two main envi-
ronmental criteria. First, the reduction of the needed natu-
ral resources in the building process as raw materials, and 
second, minimizing the emission of some air pollutants like 
 CO2,  NO2,  NO3,  SO2, etc. [4, 5]. This is a great opportu-
nity, to reuse industrial by-products, even in the case of the 
NORM materials, like additives used in the construction 
industry [5]. Nowadays, more and more studies are dealing 
with finding the most environmental friendly materials and 
also methods, which can be used for different kind of build-
ing purposes [3, 6–8, 10, 11]. Most of the population spends 
about 80% of their time indoor. This is why the knowledge 
about natural radiation becomes more and more important 
these days. The activity concentration of building materials 
containing NORM materials contribute in two ways to the 

increased radiation exposure [12, 13]. First of all, there is 
the external body dose exposure mostly coming from K-40, 
U-238, Th-232 and their decay products. Beside the exter-
nal radiation dose, we have to mention the second contribu-
tor, the internal radiation dose [14]. The radon exhalation 
contributes to the increasing of the internal dose, especially 
through its progeny. Radon decay products easily can enter 
into the human respiratory system, where due to their alpha 
and beta emitter properties, they can cause some serious 
damage [15–17]. As we already mentioned, building materi-
als can increase the dose rate. Especially when they contain 
different kinds of relatively high activity concentration by-
products, from various industries. These by-products can 
come from different sources, such as coal-fired power plants, 
alumina production by-products or from the phosphate fer-
tilizer industries [18]. The average of indoor absorbed dose 
rate in air from terrestrial sources of radioactivity is esti-
mated to be 84 nGy/h according to the UNSCEAR 2000 
report [19].

In this work, the concentrations of natural radionuclides 
have been measured in nine samples, which can be poten-
tially used in the construction industry. The measurements 
have been carried out with a high purity germanium gamma 
detector, with the aim to assess the radiological hazards due 
to external gamma ray exposure in dwellings. The potential 
radiological hazards of these materials were determined by 
calculating the indoor absorbed gamma dose rate  (DR), the 
annual effective dose rate  (HR) and the activity utilization 
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index I. The obtained results were compared to the recom-
mended values to determine the radiation hazards to humans 
[20].

Experimental

In this study nine different samples were measured, all of 
which can be used in the construction industry, including 
raw primary materials (coal, clinker, limestone), by-products 
(red mud, fly ash, slag, mill tailing) and construction materi-
als (cement, gypsum). The samples were transferred to the 
laboratory to perform the measurements, where first the sam-
ples were dried until constant weight in an oven. After that 
we grinded the samples under 0.63 mm. The samples were 
transferred into a leak-proof Marinelli beaker, weighted, her-
metically sealed and stored during 27 days, to achieve the 
secular equilibrium between Ra-226 and its progeny.

Gamma-spectrometry

The activity concentration of Ra-226, Th-232 and K-40 
was determined by using a semiconductor HPGe detector 
(ORTEC GMX40-76 with an efficiency of 40%). The activ-
ity concentration of the various radionuclides were calcu-
lated by using the gamma energy lines of their progeny ele-
ments, the 296 (18.5%) keV, and 351(37.1%) keV lines from 
Pb-214, 609 (46.1%) keV and 1120 (15%) keV lines from 
Bi-214 were used to determine Ra-226. activity concentra-
tion. To determine Th-232 activity concentration we used 
the gamma lines of 583 (86%) keV and 2614 (35.8%) keV 
from Tl-208 and 911 (29%) keV from Ac-228. For K-40 we 
used its own gamma line at 1460 (10.7%) keV.

Before the sample measurements were made, the environ-
mental gamma background was measured, with an empty 
Marinelli sample holder, under the same measurement 
conditions. The measurement time for each sample was 80 
000 s. The detector efficiency calibration was determined by 
using an IAEA soil reference material. The detection effi-
ciency separately for Ra-226, Th-232 and K-40 were 2.42%, 
1.4% and 1.2%, respectively. The detection limits were 23.0, 
0.7, 0.5 and 23.0 Bq/kg, respectively.

Exhalation rate and emanation factor

One of the main sources of indoor radon is the used building 
materials. Radon can accumulate indoor due to the exhala-
tion from the building materials being closed inside. This 
is why the radon exhalation in the used inbuilt materials 
should be kept as low as it is possible. The mass and the sur-
face exhalation rate for all the samples were determined. All 
the samples were prepared, and 0.1 kg of them was closed 
hermetically in a gas accumulation chamber. The chamber 

is equipped with a small size fan, which ensures the homo-
geneous inert air in the chamber. Before the measurements 
were started, the accumulation chambers were purged with 
nitrogen gas, to ensure that at the moment of closing the 
samples, there was no additional radon concentration present 
in them. The radon activity concentration in the accumula-
tion chambers were determined by using an AlphaGUARD 
2000 portable radon monitor after the appropriate waiting 
period.

The whole measurement system is a closed circular sys-
tem, which contains an accumulation chamber, an Alph-
aGUARD radon monitor, and a pump, which makes the 
air full of radon circulate in the system. The volume of the 
detectors ionization chamber is 0.56  dm3, and the whole 
measurement system has a volume of 1.44  dm3.

After turning on the AlphaGUARD, the measurement 
mode has been selected, which was the”10 min FLOW” 
mode. After setting the right mode, we turned on the radon-
proof pump for 10 min, in this time the air containing radon 
circulates in the whole volume of the system. In the first 
20 min of the measurement we get not just the signal from 
the radon activity concentration; we get the signal from 
thoron too. The detector we used (AlphaGUARD 2000) 
cannot separate the two isotopes, so in this case we stopped 
the airflow in the system so we can obtain just the radon 
activity concentration in the remaining measurement time. 
The measurement time period for each sample in between 
30 and 60 min. The value of exhalation was calculated by 
the following equation [21]: 
where,  Emass is the mass exhalation rate [Bq/kgh], C is the 
accumulated Rn-222 concentration [Bq/m3], V is the volume 
of the system  [m3], m is the mass of the sample [kg], λ is 
the decay constant of Rn-222 [1/h] and t is the accumula-
tion time [h].

Activity Concentration Index (I-index)

The Council Directive 2013/59/Euratom defines that in case 
of building materials, we need to define the activity concen-
tration index, the I-index, in order to qualify and regulate 
the gamma radiation exposure originating from the radio-
nuclides inside of the building materials. The I-index can be 
calculated using the following equation [20, 22, 23]:

where,  CRa,  CTh and  CK denotes the activity concentrations 
of Ra-226, Th-232 and K-40 (Bq/kg), respectively. The value 
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of the I-index can be used as a screening tool to identify 
those materials what exceed the reference value of 1.

Absorbed dose rate (D) estimation

By using the dose conversion factors of 0.92, 1.1 and 
0.080 nGy/h per Bq/kg for radium, thorium and potassium 
the dose can be calculate by using the following equation:

where, D is the gamma dose rate from natural radionuclides 
(nGy/h), and  ARa-226,  ATh-232 and  AK-40 are the activity con-
centrations of Ra-226, Th-232 and K-40 (Bq/kg), respec-
tively. These can be used to calculate the total absorbed dose 
gamma rate in air, above 1 m from the ground [19].

Annual effective dose estimation (AED)

To determine the annual effective dose we must use the 
conversion coefficient for the absorbed dose in the air 
(0.7 Sv/Gy), and the indoor occupancy factor. Nowadays 
most people spend 80% of their time indoor, and 20% 
outdoor. The annual indoor effective dose was calculated 
using the following equation [17, 24, 25]:

The use of RESRAD-BUILD code for simulation

For a radiological assessment of the indoor exposure we 
used the program code called RESRAD-BUILD [26]. By 
using this code, we can estimate the risk to inhabitants 
who live in a building which contains a significant amount 
of NORM material in their walls [26]. In this study, the 
program code was used to determinate the radiological risk 
due to indoor exposure for a resident in different long-term 
occupancy scenarios, with different room dimension and 
wall thickness parameters. Previous studies like Sundal 
et al. 2004 [27] show us that the building properties like 
wall thickness, and room area can significantly change the 
external and the radon dose and the total annual dose val-
ues. In this study the proposed model room was built from 
concrete, with different compositions; mixtures of cement, 
red mud, fly ash and mill tailing with different percent-
ages. These were those materials which had the highest 
amount of radioactive isotope content in the samples, this 
is why we choose them, to determinate the possible risks.

In this study the room dimensions and the wall thick-
ness was changed, in order to show the influence of these 
parameters to the external dose, the radon dose and the 
annual dose. The calculations were started with a room 
model of 4 × 4 x 4 m, where in this case it was assumed 

(3)D =
(

0.92∗A
Ra−226

) +
(

1.1∗A
Th−232

)

+ (0.080∗A
K−40

)

(4)AED(mSv) = D∗8760∗0.8∗0.7∗10
−6

just one inhabitant. In this study can be seen multiple dif-
ferent case studies. In the first case it was modified the 
room area from 16 to 48  m2 in 5 steps. The wall thick-
ness and the air exchange rate was not changed, the value 
of them remained 0.2 m and 0.8  h−1 respectively. In the 
second case it was modified the wall thickness values 
from 0.05 to 0.5 m. The room area and the air exchange 
rate were the same, respectively 16  m2 and 0.8  h−1. Some 
important parameters like concrete density, radon emana-
tion, and indoor fraction remained the same, given by the 
RESRAD BUILD program code, respectively 2.35  gcm−3, 
0.2 and 0.8. In every case the receptor is located in the 
middle of the room.

Results and discussion

Gamma spectrometry results

The activity concentration of the studied raw materi-
als ranges between 9 ± 0.6 Bq/kg and 494 ± 25 Bq/kg for 
Ra-226, 1 ± 0.1 Bq/kg and 119 ± 8 Bq/kg for Th-232 and 
in case of K-40 the activity concentration ranged between 
24 ± 1 Bq/kg and 730 ± 28 Bq/kg. The activity concentra-
tion results can be seen in Fig. 1. Some of the measured 
samples have higher activity concentrations than the world 
average radionuclide activity concentrations in soils reported 
in the Radiation Protection 112 report [24], where the aver-
age activity concentration value for Ra-226 and Th-232 is 
50 Bq/kg and for K-40 is 500 Bq/kg [24] (Table 1). 

The obtained activity concentrations results were com-
pared with Ra-226, Th-232 and K-40 activity concentrations 
in the same type of samples from other European countries, 
except the tailing samples, those were compared with South 
African data. All of the obtained values fit in the range of the 
other countries measured data [28–30].

The result of the measured radionuclides in the samples 
indicate that some of the materials could be considered 
harmful to the residents in long therm. Long-term expo-
sure for those materials containing a high content of radium 
could cause different health issues, like lung cancer. Thus, 
to evaluate the possible risk, the radiological hazard indexes 
are presented in Fig. 4.

Exhalation and emanation results

The radon mass exhalation values range between 
0.07 ± 0.004 and 0.11 ± 0.007 Bq/kgh and the surface exha-
lation ranges between 1 ± 0.096 and 2 ± 0.15 Bq/m2h with 
an average value of 0.08 ± 0.004 Bq/kgh for mass exhala-
tion and 1 ± 0.1 Bq/m2h for surface exhalation. The highest 
mass and surface emanation has been measured in the mill 
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Fig. 1  Ra-226, Th-232, K-40 
activity concentration values in 
the measured samples

Fig. 2  Comparison between 
Ra-226 activity concentrations, 
Rn-222 mass and surface exha-
lation and emanation results of 
the samples

Table 1  Comparison between 
the obtained and other countries 
Ra-226, Th-232 and K-40 
activity concentrations in the 
same type of samples

Sample Ra-226 [Bq/kg] Th-232 [Bq/kg] K-40 [Bq/kg]

Primary raw materials Coal 68–1391 (149) 14–100 (16) 200–500 (250) [28]

Clinker 29–316 (98) 30–537 (69) 412–2521 (485) [28]

Limestone 3–79 (23) 1–19 (6) 5–18 (24) [28]

By-products Red mud 97–301 (122) 118–539 (119) 50–215 (148) [28]

Fly ash 75–815 (136) 37–140 (58) 157–900 (569) [28]

Slag 15–336 (104) 1–152 (15) 20–786 (92) [28]

Mill tailing 87–2668 (494) 20–89 (66) 226–781 (730) [29]

Construction materials Cement 4–422 (9) 3–266 (6) 4–846 (78) [30]

Gypsum 1–70 (11) 1–100 (1) 5–279 (26) [30]
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tailing sample and the lowest in the limestone sample. The 
values of radon emanation coefficient range between 3% and 
24 ± 1.1% with an average of 8 ± 0.3%. The exhalation and 
emanation values can be seen in Fig. 2.

Statistical analysis

The correlation analysis was carried out with Pearson’s cor-
relation coefficient method, to determinate the relationship 
between Ra-226 activity concentration and the Rn-222 mass 
and surface exhalation rate. The Pearson’s correlation results 

are shown in Table 2. A strong positive and statistically sig-
nificant correlation is observed between Ra-226 activity 
concentration and the Rn-222 mass and surface exhalation 
rates (Table 3).

In Fig. 3 a-b we can see the correlation between the 
radium concentration and the two different radon exhalation 
rates of the source material. The positive correlation can be 
easily observed between radium concentration values and 
the mass  (R2 = 0.9) and surface exhalation  (R2 = 0.9) results. 
The relationship between the activity concentration results 
of radium and the mass and surface exhalation values are 
shown to be linear [37].

Radiological hazard indices of the materials

Annual effective dose rate results

The recommended limit value by the ICRP for the annual 
effective dose is 1 mSv/year for the public. The calculated 
values range between 0.08 and 3.6 mSv/year. Five of the 
measured samples exceed the 1 mSv/year recommendation 

Table 2  Pearson’s correlation coefficient results between radiological parameters

Ra-226 activity concentration 
[Bq/kg]

Rn-222 mass exhalation rate 
[Bq/(kgh)]

Rn-222 surface 
exhalation rate [Bq/
(m2h)]

Ra-226 activity concentration [Bq/kg] 1

Rn-222 mass exhalation rate [Bq/(kgh)] 0.945 1

Rn-222 surface exhalation rate [Bq/(m2h)] 0.949 0.978 1

Table 3  Dose limits of the building materials

Dose limit

0.3 mSv/year 1 mSv/year

Materials used in huge amount 
(concrete, bricks, etc..)

I ≤ 0.5 I ≤ 1

Materials used in small amount I ≤ 2 I ≤ 6

Fig. 3  Correlation between radium activity concentration [Bq/kg] and surface exhalation [Bq/m2h] values a and Correlation between radium 
activity concentration [Bq/kg] and mass exhalation [Bq/kgh] values b 
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limit, the highest value was measured in the mill tailing sam-
ple, with a value of 3.6 mSv/year.

Activity Concentration Index (Index-I) results

According to the performed measurements, most of the stud-
ied materials can be used as additives in building materials 
in huge amounts. In these cases, the Index-I of the additive 
is lower than the recommended value of 1, adding it won’t 
raise the Index-I of the final product above 1, so the addi-
tional effective dose won’t be higher than 1 mSv/year. These 
kinds of materials can be used as additives in concretes or 
bricks in unlimited amounts from a radiological perspec-
tive. Two of the measured materials exceeded the value of 
1, these are the mill tailing and the red mud. In his case the 
calculated I-index is higher than 1, due to this, these mate-
rials can be use in the construction industry but in smaller 
amounts like the other materials, and they cannot be used 
like additional materials in building construction materials 
(e.g., brick, concrete).

Although, the radiological hazard indexes do not greatly 
exceed the recommended values, it is suitable to monitor the 
radiological content of the chosen building material before 
using it in the construction industry, and the use of additives 
with high Index-I values must be limited to stay under the 
recommended values. The radiological hazard indices can 
be seen in Fig. 4.

RESRAD BUILD simulation results

Since most of the residents spend 80% of their time indoor 
[17], the natural radioactivity coming from the walls, floor 
and ceiling could affect them in a significant way. The 
expected activity concentrations of Ra-226, Th-232 and 

K-40, the activity index of the different concrete mixtures 
for eight different mixing scenarios can be seen in Table 4. 
The activity concentration in the mixtures ranges between 
9 – 154 Bq/kg for Ra-226, 6 – 199 Bq/kg for Th-232 and 
78 – 569 Bq/kg for K-40. The materials are called concrete 
because of the underlying dose estimation models, not all 
mentioned mixtures would produce viable concrete, however 
there are other methods for producing building materials, for 
example sintered ceramics with up to 100% red mud content.

The activity concentration result shows us that the use 
of different additives like red mud, fly ash and mill tailing 
could increase the activity concentrations of the mixtures. 
The composition of the concrete mixtures in the different 
scenarios can be seen in Table 5.

It can be seen that if the amounts of the additives are 
chosen well the Index-I remains below 1. According to the 
performed measurements, in the mixture called Concrete 
2, containing just red mud, the radium activity concentra-
tion is exceeded, with 11% and the Index-I is also above the 
recommended limit.

Fig. 4  Radiological hazard 
indexes of the measured 
samples
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Table 4  The radionuclide concentrations and the activity concentra-
tion index (Index-I) of concrete mixtures

Sample Ra-226 Th-232 K-40 Index-I

Concrete 1 9 6 78 0.1

Concrete 2 122 199 148 1.5

Concrete 3 65 102 113 0.8

Concrete 4 130 21 241 0.6

Concrete 5 136 58 569 0.9

Concrete 6 72 32 323 0.5

Concrete 7 69 67 218 0.6

Concrete 8 154 67 320 0.9
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The influence of different wall thickness parameters to the 
external dose and to the radon dose can be seen in Fig. 5. 
It can be seen that the wall thickness increases the received 
dose. In Fig. 5a it can be seen that the external dose rate 
increases until the wall thickness of 0.3 m, after that the 
external dose values started to decrease. This can be because 
after the wall thickness is greater than 0.3 m the addition of 
the wall thickness does not increase the external dose from 
the gamma radiation due to self-absorption. In Fig. 5b it can 
be seen that the radon dose rate seems to have a nearly linear 
correlation between the wall thickness and the radon dose 
rate. This study presents similar results like others found 
in the literature, like the study presented by Koblinger in 
1984 [32], this is likely to be due to the model used by the 
RESRAD BUILD software [26].

In this study the influence of the different room dimension 
parameters was investigated too. In Fig. 6a it can be seen 
that if we increase the room dimension from 16 to 48  m2 the 
external dose rate also increases. A significant increase can 
be seen between the data points. The radiation comes from 
the four walls, and larger rooms mean more material in the 

walls competes with increasing distances. As the room size 
increases, the indoor doses also increase, and vice versa. 
In Fig. 6b the opposite situation can be seen. In this case it 
can be observed that with the increased room area the radon 
dose rate has a constant decrease, due to the increasing vol-
ume overcoming the effect of the increasing amount of wall 
material. The presented result shows the similar variation 
between the room area and the dose rates, like study wrote 
by Abdullahi in 2020.

It was also investigated the relation between the total 
doses and the different wall thicknesses, this can be seen 
in Fig. 7a. With the increase of the wall thickness the total 
dose rate increases as well, the increased value in case of 
the 0.5 m wide wall in is approximately 4 times higher 
than the value for the 0.05 m wide wall. Moreover, it can 
be also seen that those concrete matrixes, like Concrete 2, 
6 and 8, which contain a higher amount of high Index-I 
additive materials, exceeded the recommended value of 
1 mSv/y, even in some cases where Index-I was below 
1. The use of these concrete mixtures has to be properly 
evaluated, as the EU BSS suggests, Index-I is a screening 

Table 5  The composition of the concrete mixtures

Concrete 1 Concrete 2 Concrete 3 Concrete 4 Concrete 5 Concrete 6 Concrete 7 Con-
crete 8 
(%)

Cement 100% – 50% 75% – 50% 50% 40

Red mud – 100% 50% – – – 25% 20

Fly ash – – – – 100% 50% 25% 20

Mill tailing – – – 25% – – – 20
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Fig. 5  The influence of the wall thickness using the different concrete mixtures, for external dose rate a and radon dose rate b 
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tool, under different model conditions, even material that 
has an Index-I under 1 can cause doses over 1 mSv/year. 
Although it can be seen that the total dose it is increasing 
significantly until the wall thickness of 0.3 m, after that 
the increase lightly starts to smooth. The reason of this is 
the thickness of the wall, if the thickness is increasing the 
absorption of gamma-rays starts to increase too, so the 
dose from gamma starts to decrease. On the other hand, 

the radon which is one of the biggest contributors to the 
total dose, can easily exit from the concrete matrix if the 
wall is slimmer. If the wall is thicker, the relative amount 
of the exhaled radon will be lower. Figure 7b shows the 
total effective dose at different room dimensions for differ-
ent concrete matrixes. When the room size was increased 
from 16 to  48m2 it can be seen that the total dose rate 
significantly decreased.

Fig. 6  The influence of the room area parameters using different concrete mixtures, for external dose rate a and radon dose rate b 

Fig. 7  The influence of the different wall thickness parameters a and room area parameters b for total dose rate
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Conclusion

Gamma ray spectrometry was used to determine the activity 
concentrations of Ra-226, Th-232 and K-40 in the studied 
samples. The obtained results were compared with other 
countries’ results obtained for the same type of samples. 
The data shows us that all of the obtained results fit in the 
range of reported for similar materials. The exhalation and 
emanation rate, absorbed gamma dose rate in indoor air and 
the corresponding annual effective dose rate and I-index 
parameters were calculated to qualify and quantify the radi-
ological hazard associated with the studied materials. It is 
concluded that the radiological parameters obtained in some 
of the samples are normal, and under the recommended 
limits. The annual effective dose rate varies between 0.1 
and 3.6 mSv/year. The lowest value belongs to the cement 
sample and the highest to the mill tailing sample. In case of 
the Index-I values there are two samples which exceeded 
the recommendation level of 1 mSv/year, these are the mill 
tailing and the red mud samples with a value of 2.2 and 1.1 
mSy/year. These materials according to the legislation can 
be used as construction materials in a small amount. Radium 
concentration and radon exhalation rates (both the mass 
and surface exhalation rates) have been measured success-
fully using an AlphaGUARD 2000 portable radon monitor. 
The radon exhalation study is important for understanding 
the relative contribution of the materials to the total radon 
concentration found inside the dwellings. The lowest mass 
and surface exhalation rates belong to the limestone sample 
and the highest to the mill tailing sample. From this study, 
a positive correlation has been observed, according to the 
Pearson’s correlation analysis, between radium concentra-
tion and the mass and surface exhalation rate in the meas-
ured samples. Furthermore, the indoor doses attributed to 
each of the measured natural radionuclides were also evalu-
ated using RESRAD-BUILD computer code. It can be seen 
in the result, in case of increasing the amount of some of 
the additives like red mud, fly ash and mill tailing the meas-
ured values like external dose rate and radon dose rate will 
increase too. In this case it is necessary to find the perfect 
amounts or ratios which can be added to the building materi-
als, to avoid exceeding the relevant radiological screening 
indices. In addition to the evaluation of long-term indoor 
doses, the effects of wall thickness to the indoor doses based 
on the standard room covered with tiles were also investi-
gated. In conclusion, it can be said that the value can vary 
depending on parameters such as the surface, the position of 
the occupant in the room, the density of the building mate-
rials, the ventilation of the room, the porosity of the wall, 
the emanation rate, and the diffusion coefficient. Therefore, 
these potential building material samples under investigation 
can be used in the construction of dwellings, but only in the 

appropriate concentrations, and it will be considered safe for 
inhabitants according to the relevant regulations.
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