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Abstract

Impact assessment of building materials is a focused topic in the field of radioecology. A radiological survey has conducted to
monitor radioactivity of most common building materials in Semnan Province, Iran, and assess the radiation risk. Activity
concentrations of *°Ra, ***Th, and *’K were measured in 29 samples including nine commonly used building materials that
were collected from local suppliers and manufacturers, using a high purity germanium gamma-ray detector. The activity
concentrations of **°Ra, 2*Th, and *°K varied from 6.7+1 to 43.6+9, 5.9+1 to 60+11, and 28.5+3 to 1085+113 Bq kg ' with
averages of 26.8+5, 22.7+4, and 322.4+4 Bq kg ', respectively. By applying multivariate statistical approach (Pearson correla-
tion, cluster, and principal component analyses (PCA)), the radiological health hazard parameters were analyzed to obtain
similarities and correlations between the various samples. The Pearson correlation showed that the *°Ra distribution in the
samples is controlled by changing the >**Th concentration. The variance of 95.58% obtained from PCA resulted that the main
radiological health hazard parameters exist due to the concentration of **Ra and ***Th. The resulting dendrogram of cluster
analysis also shows a well coincidence with the correlation analysis.

Keywords Natural radioactivity - Building materials - Gamma-ray spectrometry - Radiological hazard - Multivariate statistical
method

Introduction public and on the environment is very critical and sensitive

effort due the criteria of sustainable development. The assess-

Radiological hazard of building materials due to the presence
of natural radioactivity has been highly investigated over the
last years. The issue of radiological impact to the public plays
a central role in radioecological research. Several studies have
been carried out to estimate the radiological hazards and an-
nual dose contribution of natural radioactivity in buildings.
Performing a radiological impact assessment for building ma-
terials to estimate and control the radiological effects on the
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ment of the radiological impacts should be based on measured
data which data could be the input parameter for models for
environmental transfer process and radiation dose assessment.

Nowadays a person spends 80% of their time indoor.
This is why it is important to determine the radiation
exposure what comes from the building materials. The
knowledge about the concentration of the radionuclides
in the building materials allows us to estimate the poten-
tial radiological hazards to inhabitants of dwellings built
from such materials. Building materials contains different
amounts of naturally occurring radioactive materials
(NORMs), mainly radionuclides of the 238U and ***Th
decay series and from the *°K isotope. Due to this reason,
radiation protection standards have been introduced by
different organizations (ICRP 1994; European commis-
sion 1999; UNSCEAR 2000, 2008; El-Taher 2010;
Council of the European union 2014). The **°Ra, ***Th
and *°K worldwide activity concentrations for soils and
building materials are given in the reports of the United
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Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR); these are 32, 45, 412, and Bq
kg ' and 50, 50, and 500 Bq kg ', respectively
(UNSCEAR 1993, 2008).

Population is exposed to the effects of external and internal
radiation emanating from building materials. The inhalation of
radon (**’Rn), thoron (**°Rn), and their decay products con-
tribute to the internal exposure, while the external exposure
comes from the gamma-emitting radionuclides.
Radiologically the most important radionuclide is the **°Ra
(Sas et al. 2015; Kardos et al. 2015; Kuzmanovi¢ et al. 2020;
Adelikhah et al. 2021). Due to this, the aim is to minimalize
the radionuclide activity concentrations in the building mate-
rials, as much as is reasonably achievable, and to minimalize
the radiation dose which the public is exposed to. For this
purpose, knowing the dose limits for public exposure and
measuring the levels of naturally occurring background radi-
ation emanated from the ground, air, water, food, the inside of
buildings, etc. is essential for estimating the exposure of
humans to natural sources of radiation (El-Taher 2010).
Consequently, the definition of the dose rates helps to make
some preventive measures to be sure that the doses do not
exceed the recommended limits. Moreover, the knowledge
about gamma radiation is important in the construction indus-
try to be capable to adopt preventative measures and decrease
the unhealthy effects of the ionizing radiation (Kovacs et al.
2017a, b; Ignjatovic et al. 2017; Lee et al. 2019).

Information about the radionuclide activity concentrations
of building materials in Iran is limited. The knowledge of
activity concentrations of the building materials is needed to
assess the possible radiological hazards that the residents of
buildings are exposed to. The aim of this paper is to determi-
nate the natural radioactivity by measuring the radionuclide
activity concentrations of 226Ra, 232Th, and *°K in 29 samples
that are commonly used building materials in the construction
industry in Semnan Province, Iran. The potential hazards
which are associated with the studied materials were estimated
by calculating the radium equivalent activity concentration,
the absorbed dose, the annual effective dose, and the external
and the internal hazard indexes as well as the gamma and
alpha indexes that can contribute to the radiological hazards
affecting population health. The results are compared with the

recommended worldwide values to estimate the radiological
hazard to inhabitants from the used building materials; more-
over, the concentrations of radionuclides measured within this
study were also compared with those from other studies.
Finally, in order to determine the similarities and relationships
between the various samples, the radiological data were proc-
essed by applying multivariate statistical methods including
the Pearson correlation coefficient, principal component anal-
ysis (PCA), and cluster analysis (CA).

Materials and methods
The collection and preparation of samples

Commonly used structural building materials, namely,
sand and gravel, brick, cement, gypsum, tiles, ceramic,
granite, marble, and mosaics, were collected randomly
from different markets and suppliers of construction ma-
terials in Semnan Province to measure the 226Ra, 232Th,
and *°K activity concentration (Fig. 1). All of the samples
were properly cataloged, labeled, and named according to
each sample’s origin and sample location. Until several
days, all of the samples were dried at room temperature
before being pulverized, homogenized, sieved (grain size
<3 mm), and finally dried in an oven at approximately
105 °C for 24 h to constant weight. Five hundred grams
of each prepared and homogenized sample were sealed in
leak-proof Marinelli beakers for more than 28 days to
ensure “**Rn and its short-lived daughter products
reached equilibrium with **°Ra (Adelikhah et al. 2020;
Shahrokhi et al. 2020).

Radioactivity measurements

The radionuclides (226Ra, 232Th, and 40K) activity concentra-
tions in the measure’s samples were determined using a semi-
conductor high purity germanium gamma detector. The detec-
tor was surrounded by a lead shield (10 cm thick) with elec-
trolytic copper and internal walls composed of cadmium and
coupled to a Canberra Multichannel Analyzer-Series 100. The
system was calibrated according to the energy and efficiency

Fig. 1 The schematic view of representative samples before and after preparation
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of reference materials IAEA-375, RGU-1, RGTh-1, and
RGK-1. The relative efficiency and energy resolution of the
detector were 40% and 2 keV full width at half maximum
from the 1332 keV peak of ®°Co, respectively. The **°Ra
activity concentration was determined by using the energy
peaks of its decay products *'*Pb and *'*Bi at 352 (35%)
and 609 keV (45%), respectively. The **Th activity concen-
tration was determined by the own gamma lines of its decay
products ***Ac and 2°*Tl at 911 (28%) and 2614.51 keV
(36%), respectively. The *°K activity concentration was cal-
culated using its own gamma line at the energy of 1460.8 keV
(11%) (B¢ et al. 2007).

The activity concentration of radionuclides (Bq kg ') cal-
culated using following equation (Shahrokhi et al. 2021):

1000N

A=
' T.PeMeN

(1)

where A; is activity concentration of specific radionuclide
in time of sampling (Bq kg™"), N denotes the net count rate of
photopeak, T represents the live counting time (second), P,
stands for probability of gamma ray transition via the specific
energy, £ is the counting efficiency at specific photopeak en-
ergy, M is the sample mas (kg), ¢ represents time interval
between sampling and measuring (day), and A is decay con-

stants (expressed as L'%l » which ¢;,, is half-life of radionu-

clide calculated). The background was measured for an empty
Marinelli container with the same geometry of standard and
sample container for 20,000 s. The typical measurement time
for each sample was also 80,000 s.

Multivariate statistical analysis

Multivariate statistical analysis includes the Pearson correla-
tion coefficient as well as cluster and principal component
analyses (PCA). These methods were used to clarify correla-
tions and link between the used variables, more exactly the
impact of the measured radiological parameters of measures
samples and the natural radionuclides’ distribution. To evalu-
ate the intensity of the relationship between the examined
variables, the Pearson correlation coefficient was calculated.
An applicable statistical method which visually presents the
degree of correlations between variables is cluster analysis.
PCA is used as a usual tool to summarize the set of patterns
between analyzed variables in set of data. Varimax normal-
ized method was used to process data for PCA evaluation. The
main reason why PCA is commonly used is that once corre-
lations were identified, data can be compressed reducing the
number of dimensions and without any substantial informa-
tion loss. To carry out the relevant statistical analysis of the
obtained data, we used a software named IBM SPSS Statistics
V21.0.
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Results and discussion
Specific radioactivity

Table 1 presents the NORMs activity concentrations of the
studied building materials. **°Ra activity concentration was
found to vary from 7+1 to 44+9 with mean value of 27
+5Bq kg . The concentration of **°Ra was the highest in tile
and the lowest in marble sample. The activity concentrations
of 2?Th in the measured samples ranged from 61 (in marble
sample) to 6011 Bq kg ™' with mean value of 23+4 Bq kg .
Granite had the highest concentration of **Th. The activity
concentrations of *°K also were measured to be between 28+3
(in marble sample) and 1085+113 Bq kg ' (in granite sample).
The average activity concentration of “°K was 322441 Bq
kgfl. Higher activities of 226Ra, 232Th, and *°K were recorded
in various building materials such as tiles, ceramic, bricks, and
granite but, with the exception of the granite samples, did not
remarkably exceed the worldwide average values.

According to the results of Table 1, the average activity
concentrations of NORMs for the mentioned building mate-
rials analyzed were, with the exception of *°K in granite sam-
ples, lower than the worldwide average values for these build-
ing materials of 50, 50, and 500 Bq kg™, respectively
(UNSCEAR 1993). Moreover, in only one granite sample,
out of the 29 building materials analyzed, the activity concen-
tration of **Th exceeds the recommended value of 50 Bq
kg ' (UNSCEAR 1993).

The basic statistics of the studied building materials with
regard to the NORMs activities are shown in Table 2. The
histograms are also given in Fig. 2a—c. By analyzing the fre-
quency distribution of all corresponded radionuclides, the his-
togram of **°Ra and **’Th indicates a normal distribution
(bell-shaped), while 40K revealed in some level of multi-mo-
dality. This multimodal feature of “°K demonstrates the com-
plexity of minerals in building materials.

A comparison between the measured activity concentra-
tions of 226Ra, 23 2Th, and *°K for the analyzed building ma-
terials and the results of similar studies reported in different
countries are given in Table 3. The ranges of activity concen-
trations of 2*°Ra, 2*2Th, and *°K for samples of brick and sand
recorded in this study are comparable to the values obtained in
Egypt and India (Medhat 2009; Ravisankar et al. 2014), while
results obtained for cement are comparable to those measured
in Nigeria (Agbalagba et al. 2014). The activity concentrations
of'these radionuclides measured in the samples of gypsum and
granite are also comparable with results from other Iranian
studies (Mehdizadeh et al. 2011; Ashrafi and Jahanbakhsh
2019), while the results obtained for ceramic are comparable
to Serbian (Kuzmanovic¢ et al. 2020) but dramatically lower
than those from China and Saudi Arabia (Tuo et al. 2020; Al-
Sewaidan 2019). The activity concentrations of these radionu-
clides for the samples of tile and marble were higher compared
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Table 1 Ranged and mean values
of 2°Ra, 2*2Th, and *°K activity Building material No. Activity concentration (Bq kg ')
concentrations of studied building o6 o o
materials Ra Th K
Sand and gravel 3 Range 18-31 17-25 243-454
Average+SD 2445 2245 362445
Bricks 5 Range 20-39 19-34 167-536
Average+SD 301 28+4 338454
+7
Gypsum 3 Range 10-13 11-17 66—-172
Average+SD 1242 14+£2.0 116+14
Cement 5 Range 24-38 11-18 145-312
Average+SD 3146 15+4 231431
Ceramic 3 Range 29-35 22-32 208411
Average+SD 3246 27+7 292+40
Tile 3 Range 31-44 28-30 279481
Average+SD 3619 29.0+7 361+41
Granite 3 Range 2843 38-60 714-1085
Average+SD 38+7 47+8 917+101
Marble 2 Range 7-8 6-8 28-39
Average+SD 71 7£1 34+3
Mosaic 2 Range 11-19 10-11 104-187
Average=SD 1542 10+1 145+16
Total 29 Range 7-44 6-60 28-1085
Average=SD 27+5 23+4 322+41
Worldwide average Average 50° 50° 500°

SD standard deviation

*Worldwide average given in UNSCEAR (1993)

to results from Italy (Righi and Bruzzi 2006). It is noteworthy
that the mean values of NORMs are changing from one loca-
tion to another.

Evaluation of radiological hazard effects

Several radiological parameters, such as radium equivalent
activity, external and internal hazard index, absorbed dose
rate, external gamma radiation, and internal alpha radiation,
were calculated to evaluate the potential radiological hazards
and assess the radiation risk to human.

Table 2 Descriptive statistics of studied building materials

Variables 22°Ra 232Th 4o
Median (Bq kg ") 30 22 279
Std. deviation (Bq kg ") 11 12 247
Skewness 0 1 2
Kurtosis -1 2 3
Geometric mean (Bq kg ') 24 20 242

Radium equivalent activity

Since NORMs are composed of different amounts of 226Ra,
232Th, and 40K, the radium equivalent activity (Ra.q) index
was used. It is calculated according to the assumption that
370 Bq kg ' for *°Ra, 259 Bq kg ' for 2**Th, and 4810 Bq
kg ! for “°K produce the same gamma radiation dose and can
be calculated using Eq. 2 (Beretka and Mathew 1985):

Ra(gq) = A26ra) + (A232mm) X 1.430) + (A(40x) x 0.077)
(2)

where Agr,, Ay, and Ak are the activity concentrations of
226Ra, 2*Th, and *°K, respectively, in Bq kgﬁl. The recom-
mended maximum value of the radium equivalent activity
(Ra,q) index for the given building material should not exceed
370 Bq kg ', corresponding to the annual effective dose of
1.5 mSv y ' (NEA-OECD 1979). Table 4 contains the range
and mean values of the radium equivalent activities of each
studied building material. Accordingly, Ra.q in all samples
varied from 18 to 184 Bq kg ' with a mean value of 84 Bq
kg '. The highest value of Ra,q is estimated in samples of
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Fig. 2 Frequency distribution of
a 2%%Ra, b 2*?Th, and ¢ *°K
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granite (184 Bq kg '), which is significantly lower than  were calculated using Eqs. 3 and 4, respectively (European

370 Bq kg . Commission 1999):

Absorbed gamma dose rate and the annual effective dose D = (0.92 X Apaera)) + (1.1 X Aszmy) + (0.080 x Aox))
rate (3)
The absorbed gamma dose rate, caused by NORM:s in build- AED ingoor) =D x T x 0.8 x 0.7 x 1073 (4)

ing materials, and the corresponding annual effective dose rate

@ Springer
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Table 3 A comparison between

the activity concentration of Country Material No.  Activity concentration (Bq kg ") References
radionuclides presented in studied (Mean)
building materials and other areas
26p, 232y, a0
China Brick 4 14 39 678 Tuo et al. 2020
Ceramic 6 172 135 351
Granite 14 356 318 1636
Concrete 4 16 51 605
Serbia Brick 12 45 49 646 Kuzmanovi¢ et al. 2020
Ceramic tile 5 67 61 828
Concrete tile 2 30 18 255
Granite 2 200 77 1280
Concrete 10 17 21 253
Iran Granite 48 66 57 996 Ashrafi and Jahanbakhsh 2019
Granite 29 77 45 1017 Abbasi 2013
Gravel 32 20 6 451 Mehdizadeh et al. 2011
Brick 77 37 12 851
Gypsum 30 8 2 116
Cement 17 40 29 291
Egypt Sand 15 33 27 385 Medhat 2009
Gravel 18 10 5 159
Brick 30 30 21 289
Gypsum 21 39 25 226
Ceramics 29 52 33 450
Tile 30 35 23 377
Granite 16 65 60 920
Marble 25 32 25 466
Italy Brick 7 58 51 473 Righi and Bruzzi 2006
Ceramics 2 52 42 450
Tile 3 20 25 427
Granite 6 81 129 1065
Concrete 2 15 16 310
Marble 1 1 4 20
Saudi Arabia  Ceramic 20 89 105 773 Al-Sewaidan 2019
Cement 4 22 10 102
Qatar Sand 4 13 3 225 Al-Sulaiti et al. 2011
Cement 6 23 10 120
White cement 3 19 5 63
Nigeria Cement 5 30 25 251 Agbalagba et al. 2014
White cement 6 42 30 340
India Sand 7 11 130 297 Ravisankar et al. 2014
Brick 8 5 23 374
Cement 3 37 34 188
Iran Sand 3 24 22 362 Current study
Brick 5 31 28 338
Gypsum 3 12 14 116
Cement 5 31 15 231
Ceramic 3 32 27 292
Tile 3 36 29 361
Granite 3 38 47 917
Marble 2 7 7 34
Mosaic 2 15 10 146
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Table 4 Results of different hazard indices associated with the radioactivity of the studied building materials

Building material No. Ra,, Bgkg") DmGyh™") AED (uSvy ") I, I H.y H,
Sand and gravel 3 Range 76-89 71-80 348-393 0.29-0.33 0.09-0.15 021-024 0.25-031
Average+SD 8316 75+7 366437 0.31£0.06 0.12+0.03 0.22+0.04 0.29+0.06
Bricks 5 Range 67-108 59-96 287-469 0.24-0.39 0.10-020 0.18-0.29 0.25-0.40
Average+SD 9617 86+8 421438 0.35+0.06 0.15+0.03 0.26£0.05 0.34=0.06
Gypsum 3 Range 38-42 34-36 169-179 0.14-0.15 0.05-0.07 0.10-0.11 0.13-0.15
Average+SD 416 3543 174413 0.15£0.02 0.06+0.01 0.11£0.02 0.14=0.02
Cement 5 Range 64-76 57-68 281-333 0.23-027 0.12-0.19 0.17-020 0.24-0.31
Average+SD  70+14 63+6 309432 0.25£0.05 0.15£0.03 0.19£0.04 0.27+0.05
Ceramic 3 Range 82-107 73-95 356-466 0.29-0.33 0.15-0.17 0.22-0.29 0.32-0.37
AveragetSD  93+20 8349 406+44 0.34+£0.07 0.16£0.03 0.25£0.05 0.34+0.07
Tile 3 Range 100-108 88-97 434-478 0.36-0.40 0.15-0.22 0.27-0.29 0.36-0.41
AveragetSD 10522 94+10 460450 0.39+0.08 0.18+0.04 0.28£0.06 0.38+0.08
Granite 3 Range 163-184 150-168  735-826 0.63-0.70 0.14-0.22 0.44-0.50 0.52-0.61
Average+SD 17626 160+12 786460 0.6740.1  0.19+0.03 0.48+£0.07 0.58+0.09
Marble 2 Range 18-21 16-18 77-89 0.06-0.07 0.03-0.04 0.05-0.06 0.07-0.08
Average+SD 2043 171 83+7 0.07+0.01 0.04+0.01 0.05+0.01 0.070.01
Mosaic 2 Range 37-42 36-37 177-182 0.14-0.15 0.06-009 0.10-0.11 0.14-0.16
Average+SD 416 3343 180+13 0.1540.02 0.07+0.01 0.11£0.02 0.15+0.02
Total 29 Range 18184 16-168 77-826 0.06-0.70 0.03-0.22 0.05-0.50 0.07-0.61
Average+SD 84+15 76+7 371435 0.31£0.1  0.13+0.03 0.23£0.04 0.30+0.06
Recommended value or worldwide 370% 50° 1000° <4 <1°¢ <1f <1
average

* Any radium equivalent activity concentration over this value may raise radiation hazard according to NEA-OECD (1979)
® Worldwide average background gamma radiation reported by UNSCEAR (2008)

¢ The worldwide average value of AED reported by UNSCEAR (2008)

9 The reference level radioactivity index in building material according to UNSCEAR (2000)

¢ The recommended value reported in ICRP (1994))
fThe recommended value reported in Beretka and Matthew (1985)
€ The recommended value reported in Krieger (1981)

where D represents the absorbed gamma dose rate from
NORMs (nGy h™ '), AED stands for the annual effective dose
rate (USv yfl), 0.7 is the conversion factor (Sv Gyfl), 0.8 is
the indoor occupancy factor, and 7 denotes the number of
hours in a year (8760 h y ).

The estimated absorbed gamma dose rate in air (D) and
annual effective dose rate (AED) of different types of struc-
tural building materials are also presented in the fifth and sixth
columns of Table 4. From the data in Table 4, the estimated
maximum absorbed gamma dose rate of 168 nGy h™' was in
samples of granite, while the minimum value of approximate-
ly 16 nGy h™! was recorded in samples of marble. The esti-
mated mean value of D in the studied samples is 75.58 nGy
h™', which is slightly higher than the worldwide average pro-
vided by the European Commission in 1999. The values of
AED vary from 77 for marble to 826 uSvy ' for granite. The
estimated mean value of AED for all samples is 371 uSvy ',
which is less than the average value for all the building
materials.

@ Springer

The mean values of Ra.q and D of studied building mate-
rials are also shown in Fig. 3.

Hazard indices for external gamma radiation (He,, /)

In this paper, the following hazard index for the external gam-
ma radiation doses emitted from building materials to ensure
their safe use was applied (Beretka and Matthew 1985):

Hex = (Aa6ra)/370) + (A232m) /259) + (Aqaox)/4810) <1 (5)

where A denotes the activity concentrations of specific ra-
dionuclides (Bq kg ). H.y = 1 corresponds to a radium equiv-
alent activity of 370 Bq kgfl. Ifthe limit is exceeded (H., > 1),
it means the potential external dose to exposed individual
would be higher than the acceptable level meaning a potential
health risk to the public. The European Commission (EC) also
proposed an index called the gamma index (/) to verify
whether the guidelines issued by the EC concerning the usage
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of building materials are met. /, is calculated using the fol-
lowing formula (European Commission 1999):

Iy = (A(226ra)/300) + (A(232h)/200) +

(6)

The highest values of H, and I,,, which were both recorded
in granite, are 0.50 and 0.70, respectively (see Table 4).
Moreover, the obtained corresponding mean values were both
below the recommended level of 1 (Beretka and Matthew
1985; UNSCEAR 2000). Therefore, we can conclude that
the external gamma radiation does not pose any radiological
hazards when these building materials are used for construc-
tion in Semnan Province, Iran. A comparison between the two
indices for all types of building materials is shown in Fig. 4.

(A(a0)/3000) <1

Different types of building materials

Hazard indices for internal alpha radiation (H;,, /)

In order to measure the excess internal alpha radiation expo-
sure caused by inhalation of **’Rn and its short-lived decay
products originating from building materials, the internal haz-
ard index (H;,) can be used, which has been defined as
(Beretka and Mathew 1985; El-Taher 2010):

Hin = (A@26ra)/185) + (A3t /259) + (Aqok)/4810) <1

(7)

H;,, should be less than 1 for the use of building materials in
the construction of dwellings to be regarded as safe (Krieger
1981). Alpha index (I,) was also suggested by Krieger and
Stoulos as given below (Krieger 1981; Stoulos et al. 2003):
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According to Table 4, the highest values of H;, and 7
are 0.61 (in granite) and 0.22 (in tile and granite), respec-
tively, revealing that the internal hazard is below the crit-
ical value. Figure 5 also illustrates the mean values of
both hazard indices with regard to the internal alpha radi-
ation and considered samples.

Multivariate statistical analysis
Analysis of Pearson’s correlation coefficient

In order to determine the relation and strength of association
between several radiological parameters and radionuclides,
Pearson correlation analysis has been done. The data from
Table 5 (The Pearson coefficient analyses) indicates a strong
positive and statistically significant correlation between ***Ra
and 2*?Th because the decay series of radium and thorium

Gypsum

¥ H (in)

i(a)

Cement Ceramic Tile Granite Marble Mosaic

Different types of building materials

appear together in nature (Tanaskovié¢ et al. 2012).
Moreover, there is a direct correlation among 226Ra and
232Th with all of the calculated radiological parameters possi-
bly because the building materials are rich in °Ra and 2**Th,
which plays a significant role in assessing the hazardous na-
ture of such materials. Furthermore, a weaker correlation, al-
beit still statistically significant, was observed between these
two radionuclides and *°K.

Principal component analysis

The principal component analysis (also known as factor analysis)
is multivariate statistical technique used to identify important
components that explain most of the variances of the original
system. It is designed to reduce a set of original variables to a
small number of indices for analyzing similarities and differences
present among the observed variables that are not readily evident
from simple correlation analysis. In this study, the varimax rota-
tion was applied with Kaiser normalization procedure to process
the PCA among the radiological parameters (Kaiser 1958). From
the correlation matrix, to describe the number of notable factors

Table 5 Pearson’s correlation matrix for variables

Parameters 22Ra 22Th H0g. I, Rag, D AED Hey H,, I
226Ra 1

232Th 0.813 1

0K 0.467 0.689 1

I, 0.838 0.946 0.792 1

Ragq 0.852 0.952 0.776 0.998 1

D 0.844 0.944 0.788 1.00 0.999 1

AED 0.844 0.944 0.788 1.00 0.999 1.00 1

H.y 0.852 0.952 0.776 0.999 1.00 0.999 0.999 1

H, 0.899 0.942 0.733 0.984 0.991 0.988 0.988 0.990 1

I, 0.999 0.774 0.484 0.787 0.812 0.799 0.799 0.809 0.881 1
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Table 6 Rotated factor loadings of variables

Variables Component
1 2

226Ra 0.88 0.26
22T 0.78 0.54
K 0.29 0.96
I, 0.77 0.64
Ra(eq) 0.78 0.62
D 0.77 0.64
AED 0.77 0.64
H(ex) 0.78 0.62
H(in) 0.82 0.57
Iy 0.86 0.29
% of variance explained 59.83 35.75

the eigenvalues and eigenvectors are extracted (only factors with
eigenvalues greater than 1) and explained the percent of variance.
The values of rotated factors 1 and 2 are reported in Table 6.
Factor analysis (FA) yielded two factors with eigenvalues < 1,
explaining 95.58% of the total variance. From the rotated spaces
of components 1 and 2 (Fig. 6), factor 1 accounts for 59.83% of
the total variance, identified mostly by high positive loading of
#2Th and **°Ra activity concentrations. Factor 2 accounts for
35.75% of the total variance and related to significant positive
loading of *°K. From the overall FA, it can be concluded that
2°Ra and ***Th mostly enhance the radioactivity of all the build-
ing materials.

Cluster analysis
CA is a data classification technique that is comprised of a

series of multivariate methods, which are used to identify true
groups of data. The degree of similarity between the

Fig. 6 Graphical representation

radioactivity and calculated radiological hazard parameters
was determined by CA using IBM SPSS Statistics version
21 software. In CA, the linkage method was used to find out
the correlation coefficient distance between radiological pa-
rameters, the outcome dendrogram shown in Fig. 7. In this
dendrogram, all 10 parameters can be classified into three
major clusters. Cluster I consists of 226Ra, 2*Th, AED, H,,,
Hin, I, and I,. The results from this cluster reveal that the
main radiological health hazard parameters exist due to the
226Ra and 2*’Th activity concentrations; while cluster II is
associated with Ra.q and D; and cluster III includes 40K,
which indicates that the activity concentration of “°K does
not contribute significantly to the natural radioactivity. The
results according to the derived dendrogram are in good agree-
ment with correlation and factor analyses. Therefore, the data
belongs to studied parameters primarily relies on the natural
radioisotope’s activity concentrations.

Conclusion

Since gamma-rays emitted from building material can easily
travel long distances within the surrounding environment, hu-
man beings may continuously expose by gamma radiation and
adverse health effects may occurred via extended period of
exposure. In this paper, the gamma spectrometric analysis of
29 common building materials, divided into 9 groups, used to
construct buildings in Semnan Province, Iran, was performed.
The activity concentrations of **Ra and ***Th in the mea-
sured samples were found to vary from 7+1 to 4449 and 6
+1 to 6011 Bq kg ' with mean values of 27+5 and 23+4 Bq
kg, respectively. The activity concentration of *°K also was
measured to be between 28+3 and 1085+113 Bq kg ™' with
average value of 322441 Bq kg .

Based on the activity concentrations measured, the repre-
sentative gamma index, absorbed dose rate, and annual effec-
tive dose find great significance to understand the health
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Fig. 7 Dendrogram showing the
clustering of variables
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hazards from gamma-radiation exposures. The potential ra-
diological hazards associated with the studied materials were
estimated. Accordingly, Ra. in all samples varied from 18 to
184 Bq kg ! with a mean value of 84 Bq kg '. The estimated
mean value of D and AED for all samples is 76 nGy h™' and
371 uSv y !, respectively. In case of H., and L, the obtained
corresponding mean values were 0.23 and 0.31, respectively.
Both hazard indices with regard to the internal alpha radiation
(H;, and 1), were also calculated to be 0.3 and 0.13, respec-
tively. Consequently, it can be concluded that most results fell
below the average values for building materials worldwide,
therefore, in terms of their inhabitants, buildings constructed
from such materials are radiologically safe. The results draw
attention to the use of granite, brick, ceramic, and tile in the
construction of dwellings.

The results of the multivariate statistical approach, in order
to get a well-founded conclusion with regard to the distribu-
tion of radioactive elements in the building materials studied,
suggest that the calculated radiological parameters are mostly
due to the activity concentrations of **°Ra and ***Th.
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