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a b s t r a c t

The activity concentrations of 226Ra, 232Th, and 40K from 102 building materials samples were deter-
mined using a high-purity germanium (HPGe) detector. The activity concentrations were evaluated for
possible radiological hazards to the human health. The excess lifetime cancer risks (ELCR) were also
estimated, and the average values were recorded as 0.42 ± 0.24 � 10�3, 3.22 ± 1.83 � 10�3, and
3.65 ± 1.85 � 10�3 for outdoor, indoor, and total ELCR respectively. The activity concentrations were
further subjected to RESRAD-BUILD computer code to evaluate the long-term radiation exposure to a
dweller. The indoor doses were assessed from zero up to 70 years. The simulation results were 92 ± 59,
689 ± 566, and 782 ± 569 mSv y�1 for indoor external, internal, and total effective dose equivalent (TEDE)
respectively. The results reported were all below the recommended maximum values. Therefore, the
radiological hazards attributed to building materials under study are negligible.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Naturally occurring radionuclides such as radium (226Ra) and
thorium (232Th) and their decay products and primordial radio-
nuclide of potassium (40K) are found everywhere in the environ-
ment, and therefore all building materials contain the
aforementioned natural radionuclides and their progenies [1e8].
Building materials generally originate from natural sources such as
rock and soil, and some are manufactured from industrial
byproducts such as phosphor-gypsum of phosphoric acid, fly ash,
etc. [4,9,10]. Fly ash is a particulate byproduct of coal combustion
and has been recently used as a substitute for sand and cement in a
concrete mixture [3]. Fly ash is also used in the production of
Portland cement, fly ash clay bricks, aerated concrete, fly ash blocks,
and in the filling of underground holes or cavities, etc. The variation
of radionuclide content in the building materials depend on their
geological origin and geochemical features [3,5].

The presence of the abovementioned radionuclides in the
building materials is responsible for indoor external and internal
exposure received by the general population. External exposure
occurs due to direct exposure to gamma (g) radiationwhile internal

exposure occurs as a result of 226Ra and 232Th and their decay
products such as radon (222Rn), Thoron (220Rn), and their proge-
nies. Elevated activity concentration in the building materials is
accountable for the high external and internal doses received by the
dweller. Therefore, assessing the level of natural radioactivity in
building materials and associated radiological risks on human
health is essential, since most people spend 80% of their lifetime
indoors [9,11e14]. Low-level radiation exposure may lead to sto-
chastic effects such as cancer and genetic defects like mutation and
chromosome aberrations [7,9,15].

In Malaysia, there are quite a number of studies that have
evaluated the level of natural radioactivity in building materials
[7,16e21]. However, these studies assessed the level of natural
radioactivity and associated radiological hazard to the human
health. Besides the studies conducted byMajid et al. [17] and Ismail
et al. [21], no study has assessed the long-term radiological effect of
building materials in Malaysia. Majid et al. [17] reported the
radiological health risks from the use of concrete and long-term
radiological effect of concrete up to 50 years. However, the study
only focused on the role of wall thickness and room volume on the
total indoor dose received by the dweller.

On the other hand, Ismail et al. [21] studied the radiological
effect of tiles and the long-term implication of using tiles as
decorative materials. The study only focused on the effect of tiles in* Corresponding author.
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the indoor environment. Therefore, none of the studies assessed
the long-term radiological effect of various building materials and
their fractional contribution to the indoor external and internal
dose received by the dweller in Malaysia.

The Malaysian Cancer Registry reported a total of 103,507 new
diagnosed cases of cancer between 2007 and 2011; 45.2% of the
cases were reported in males while 54.8% were females. The age
standardized incidence rates were 86.9 and 89.0 per 100,000
populations in both males and females respectively. Common types
of cancer suffered by the male population are colorectal, lung,
nasopharynx, lymphoma, and prostate. On the other hand, breast,
colorectal, cervix, uterus, ovary, and lung are common types of
cancer among females. The lifetime cancer risks reported by the
registry are 1 in 10 and 1 in 9 for males and females respectively
[22]. Assessment of the radiological effect of building materials and
estimating their long-term fractional contribution to radiological
health risk to the dweller is essential and therefore worth
researching. Knowledge of the long-term contribution of each of
the building material in the indoor doses received by the dweller
would serve as a tool for selecting appropriate building materials
for the construction of houses with minimum radiological health
risks to the dweller in Malaysia.

2. Materials and method

The building materials used in the study with their identifica-
tion number in brackets are tiles (1�40), red brick (41e45), cement
brick (46e50), sand (51e60) cement (61e70), gravel (71e80), white
cement (81e85), fly ash (86e90), feldspar (91e93), limestone
(94e96), kaolin (97), pottery stone (98), clay (99e100), glaze (101),
and talc (102). They were purchased from local suppliers in
Malaysia. These building materials were common construction
materials inMalaysia. The samples were dried in an oven for 48 h at
105 �C, crushed, and sieved using 500 mm mesh to obtain a ho-
mogeneous powder. The samples were then packed in a Marinelli
beaker, sealed, and kept in a laboratory at room temperature for 30
days to achieve secular equilibrium between 226Ra and 222Rn and
their progeny. Each sample was prepared and packed in three
replicates in accordance with the International Atomic Energy
Agency (IAEA) guideline [23].

2.1. Natural radioactivity analysis

The prepared samples were subjected to gamma-ray spec-
trometry coupled with high-purity germanium (HPGe) detector
and counted for 12 h, the detector was shielded with lead coated
with tin and copper. The g-ray photo peaked of 1764 keV (214Bi),
2615 keV (208Tl), and 1461 keV (40K) were used to determine the
activity concentrations of 226Ra, 232Th, and 40K in the samples with
corresponding emission probabilities of 15.2, 99.8 and 10.7%,
respectively. Routine background measurements were also carried
out by counting an empty Marinelli beaker for 12 h in every three
days during the experiment. The aim was to ensure that the back-
ground radiation in the counting environment was minimum. The
detector was calibrated using the standard source with a mixture of
22Na, 57Co, 60Co, and 137Cs. The resultant spectra data analysis was
performed using Genie software 2000 developed by CANBERRA
and the contribution of the background is also subtracted during
the spectra analysis. The absolute full-energy peak efficiency ( 3)
was calculated using Eq. (1) [24]. While, detection limit (DL) and
minimum detectable activity (MDA) were calculated using Curie's
derivation with a simple formula presented in Eqs. (2a) and (2b)
[24].

ε ¼ N
TAB

(1)

DL ¼ 2:71þ 4:66
ffiffiffiffiffiffi
NB

p
(2a)

MDA ¼ DL
T ε B M

(2b)

where N is the net area count (count per second), T is the live time
in seconds, A is the activity (Bq), B is the branching ratio fraction, NB
is the background counts (count per second) and M is the mass of
the sample (kg).

The absolute full-energy efficiency of 1764, 2615 and 1461 keV
photo peaks are 0.02, 0.005 and 0.06, respectively. While, DL and
MDA are (67 ± 0.5, 86 ± 4 and 112 ± 2) and (6.2 ± 0.1, 5.3 ± 0.1, and
22.1 ± 0.2 Bq kg�1) respectively. A referencematerials IAEA-375 soil
of known activity concentrations was prepared in three replicates
as the samples and counted for 12 h.

The obtained net counts per second corresponding to the photo-
peak energy of a specific radionuclide in the reference materials
and samples were substituted into Eq. (3) as given in the expression
[7,21]:

Cs ¼
Mref � Ns

Ms � Nref
� Cref (3)

where Cs and Cref are the activity concentrations of the sample and
referencematerials (Bq kg�1) respectively. Ms andMref are the mass
of the sample and reference materials (kg) respectively, while Ns
and Nref are the net counts per second of the sample and reference
materials (cps) respectively.

2.2. Assessment of radiological risk parameters

The activity concentrations of 226Ra, 232Th, and 40K were further
evaluated for potential radiological risk to the human health. The
radiological variables include air absorbed dose rates, annual
effective dose, and excess lifetime cancer risks. The air absorbed
dose rates were determined from the calculated activity concen-
trations at 1 m above the ground surface and associated annual
effective doses were also computed using Eq. (4a, b) and (5a, b, c).

Din

�
nGy h�1

�
¼ 0:92 CRa þ 1:1 CTh þ 0:081 CK (4a)

Dout

�
nGy h�1

�
¼ 0:462 CRa þ 0:604 CTh þ 0:0417 CK (4b)

AEDin

�
mSv y�1

�
¼ 4:91� Din

�
nGy h�1

�
(5a)

AEDout

�
mSv y�1

�
¼ 1:23� Dout

�
nGy h�1

�
(5b)

AEDtot

�
mSv y�1

�
¼ AEDin þ AEDout (5c)

where Din and Dout are the indoor and outdoor air absorbed dose
rate respectively; CRa, CTh, and CK have previously been defined.
AEDin, AEDout, and AEDtot are the indoor, outdoor, and total annual
effective dose respectively. To calculate the annual effective dose, a
conversion factor of 0.7 Sv Gy�1 [11] from air absorbed dose rate to
an effective dose and the fraction of time spent outdoor and indoor
are 0.2 and 0.8, respectively were used [11]. The number of hours in
a year was taken as 8765 h in this study [11,12]. The above-
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mentioned variables must be taken into account when calculating
annual effective dose.

The excess lifetime cancer risks (ELCR) were computed from the
calculated values of the annual effective doses as expressed in Eq.
(6):

ELCRin ¼ AEDin � Dl � Rf (6a)

ELCRout ¼ AEDout � Dl � Rf (6b)

ELCRtot ¼ ELCRin þ ELCRout (6c)

where Dl and Rf are the life duration (70 years) and fatal cancer risk
factor for stochastic effect (0.055 Sv�1 for the general public)
respectively [25].

3. Results and discussion

3.1. Natural radioactivity concentrations

In this study, one hundred and two samples of building mate-
rials were studied and analysed using gamma-ray spectroscopy
coupled with HPGe detector. The variations of the activity con-
centrations of 226Ra, 232Th, and 40K in the building materials are
presented in Figs. 1 and 2 with values ranging from 9.6 ± 0.7
(Limestone 95) to 222.8 ± 5.1 (Feldspar 91), 8.6 ± 1 (Limestone 95)
to 274.4 ± 8.1 (Kaolin 97), and 46.3 ± 6.5 (Limestone 95) to
1589.2 ± 21.1 Bq kg�1 (Tile 1) for 226Ra, 232Th, and 40K respectively.
On the other hand, the overall mean activity concentrations of
226Ra, 232Th, and 40K were 68, 58, and 551 Bq kg�1 respectively. The
lowest activity concentration of the three radionuclides is found in
limestone, while the highest value was recorded in feldspar, kaolin,
and ceramic tile for 226Ra, 232Th, and 40K respectively. The activity
concentrations in all the building materials were found to be non-
uniformly distributed which may be due to their different origin
and processing composition. A wider variation recorded in the ac-
tivity concentrations of tiles may be caused by the selection of the
raw materials. For example, the calculated activity concentrations
of ceramic raw materials such as feldspar, kaolin and clay showed
the highest values. On the contrary, limestone and talc showed the
lowest calculated activity concentrations compared with all the

building materials under study. Senthikumar et al. [26] reported
the felsic minerals such as quartz and feldspar account for the high
activity concentrations in tiles [26]. Additionally, granite rocks are
also responsible for the high activity concentrations in the tiles [27].
Generally, the high activity concentration of 40K in all the building
materials including ceramic rawmaterials is associated with enrich
potash feldspar minerals in most geological materials [28].

The world average values of building materials for 226Ra, 232Th,
and 40K are 50, 50, and 500 Bq kg�1 respectively, as reported by
United Nations Scientific Committee on the Effects of Atomic Ra-
diation (UNSCEAR) [12]. The results reported are slightly higher
than the world average values. However, almost all the activity
concentrations reported are below the Malaysian soil activity
concentrations except for the activity concentration of 40K, which
show elevated activity [11]. Furthermore, the activity concentra-
tions reported herein are in accordance with other previous studies
reported from different parts of the world, and the comparison is
shown in Table 1.

The linear relationship between the natural radionuclides in the
samples was also tested by investigating the Pearson correlation
coefficients. Fairly good positive correlation was found between
226Ra and 232Th and 226Ra and 40K with correlation coefficients of
0.67 and 0.65 respectively, while a moderate positive correlation is
found between 232Th and 40K with a correlation coefficient of 0.58.
The distribution characteristics of the natural radionuclides in the
samples were also investigated.

3.2. Assessment of radiological health hazards and excess lifetime
cancer risks

The calculated activity concentrations of 226Ra, 232Th and 40K
were evaluated for possible radiological risk to the human health by
assessing radiological risk parameters such as air absorbed dose
rates, annual effective doses and excess lifetime cancer risks.

The variation of the air absorbed dose rates is shown in Fig. 3
with values ranging from 22 ± 2.3 (Limestone 95) to 494.2 ± 11.8
(Tile 5) and 11.5 ± 1.2 (Limestone 95) to 259.5 ± 6.1 nGy h�1 (Tile 5)
withmean values of 170.5 ± 97.2 and 89.3 ± 50.8 nGy h�1 for indoor
and outdoor air absorbed dose rate, respectively. On the other hand,
the variation of the annual effective doses is presented in Fig. 4 with
values ranging from 108 ± 11.1 (Limestone 95) to 2426.6 ± 57.7 (Tile
5), 14.2 ± 1.5 (Limestone 95) to 319.2 ± 7.5 (Tile 5), and 122.2 ± 11.2Fig. 1. Activity concentration of 226Ra and 232Th.

Fig. 2. Activity concentration of 40K.
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Table 1
Comparison between activity concentrations and indoor annual effective dose with other previous studies from different parts of the world.

Country 226Ra (Bq kg�1) 232Th (Bq kg�1) 40K (Bq kg�1) AEDin (mSv y�1) Sources

Sand
China 41 22 303 323 [4,29]
India 23 11 897 [14]
Serbia 26 30 210 [6]
Nigeria 30 133 390 [30]
Bangladesh 54 77 982 275 [31]
Malaysia 43 ± 20 45 ± 20 451 ± 355 611 ± 280 Present Study
Cement
China 59 39 181 405 [4,29]
India 26 29 260 [14]
Serbia 37 15 43 [6]
Turkey 26 10 130 220 [32]
Nigeria 20 8 51 [30]
Bangladesh 61 65 952 750 [31]
Egypt 134 88 416 [33]
Malaysia 29 ± 7 31 ± 9 205 ± 71 379 ± 69 Present Study
Gravel
China 37 39 569 231 [3,29]
India 86 49 1004 [14]
Turkey 23 6.8 102 180 [32]
Nigeria 46 86 1273 [30]
Malaysia 74 ± 64 62 ± 47 819 ± 475 991 ± 667 Present Study
Brick
China 58 42 411 430 [4,29]
India 41 22 218 [14]
Turkey 59 12 249 420 [32]
Bangladesh 58 76 1080 290 [31]
Egypt 43 26 268 [33]
Malaysia 40 ± 6 58 ± 12 556 ± 147 709 ± 69 Present Study
Tile
Saudi Arabia 47 81 590 [28]
Serbia 110 77 940 [6]
China 52 69 746 479 [29]
Turkey 97 68 471 [34]
Bangladesh 61 71 1000 770 [35]
Egypt 126 72 300 [33]
Nigeria 61 70 515 960 [10]
Italy 84 54 609 [36]
Malaysia 93 ± 40 68 ± 25 673 ± 221 1047 ± 359 Present Study
Fly Ash
China 87 56 357 [4]
Bangladesh 118 157 1463 590 [31]
Greece 1041 55 462 [37]
Malaysia 36 ± 2 34 ± 2 407 ± 21 505 ± 28 Present Study
White Cement
Saudi Arabia 29 43 67 [27]
Egypt 15 17 10 120 [38]
Greece 28 16 32 [37]
Malaysia 35 ± 15 37 ± 15 120 ± 12 409 ± 145 Present Study
Limestone
China 22 15 83 [4]
Serbia 84 BDL 14 [6]
Turkey 29 8.9 76 210 [32]
Bangladesh 56 70 669 650 [35]
Greece 6 7 101 [37]
Malaysia 10 ± 1 12 ± 3 62 ± 19 132 ± 24 Present Study
Feldspar
Serbia 54 69 320 [6]
Turkey 23 46 160 [34]
India 29 45 164 [39]
Malaysia 155 ± 61 60 ± 21 748 ± 329 1316 ± 410 Present Study
Clay
Serbia 47 37 280 [6]
Turkey 45 52 572 [34]
Malaysia 119 ± 92 135 ± 72 537 ± 88 1478 ± 837 Present Study
Talc
Serbia 12 9 41 [6]
Malaysia 21 ± 3 38 ± 3 123 ± 13 337 ± 34 Present Study
Kaolin
Serbia 80 71 380 [6]
Turkey 82 95 464 [40]
India 51 91 201 [39]
Malaysia 140 ± 1 274 ± 8 703 ± 65 2392 ± 72 Present Study

Note: AEDin is the indoor annual effective dose.
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(Limestone 95) to 2745.8± 58.2 mSv y�1 (Tile 5) withmean values of
837 ± 477, 110 ± 63, and 947 ± 481 mSv y�1 for indoor, outdoor, and
total annual effective dose respectively. The maximum and mini-
mum values are found in ceramic tile 5 and limestone 95 respec-
tively. It is also indicated that the high air absorbed dose rate and
annual effective dose are densely populated in ceramic tiles and
ceramic raw materials. Therefore, the high air absorbed dose rates
and annual effective dose in the ceramic tiles originate from their
raw materials. The mean air absorbed dose rate and annual effec-
tive dose of each building material are presented in Table 2.

The variations of the excess lifetime cancer risks are presented
in Fig. 5 with values ranging from 0.42 ± 0.04 � 10�3 (Limestone
95) to 9.34 ± 0.2 � 10�3 (Tile 5), 0.05 ± 0.01 � 10�3 (Limestone 95)
to 1.23 ± 0.03� 10�3 (Tile 5), and 0.47 ± 0.04� 10�3 (Limestone 95)
to 10.57 ± 0.22 � 10�3 (Tile 5) with mean values of
3.22 ± 1.83 � 10�3, 0.42 ± 0.24 � 10�3, and 3.65 ± 1.85 � 10�3 for
indoor (ELCRin), outdoor (ELCRout), and total (ELCRtot) excess life-
time cancer risk respectively. The ELCR of each of the building
material is also presented in Table 2. The ELCRout and ELCRtot

reported herein are slightly higher than the world average values of
0.29 � 10�3 and 1.45 � 10�3 respectively [41]. Mohammed and
Ahmed [41] reported that equivalent values of ELCR equal to 1, 10,
100, and 1000 mSv y�1 would present an additional risk of devel-
oping a mortal cancer of 0.004%, 0.04%, 0.4%, and 4% respectively.
Even though the ELCR reported herein are all higher than the world
average, the chances of increasing the risks of cancer in a lifetime
are still negligible even for the indoor ELCR.

Ramasamy et al. [42] reported a total ELCR, and their results
ranged from 0.07 ± 0.03 � 10�3 to 0.37 ± 0.03 � 10�3 with an
average value of 0.2 ± 0.02 � 10�3 [42]. However, they under-
estimated the indoor air absorbed dose rate in their study, because
they used Eq. (2b) for the calculation of their indoor air absorbed
dose rate which is meant for outdoor air absorbed dose rate.
Therefore, the total ELCR reported by Ramasamy et al. [42] was
underestimated in the study. Njinga and Tshivhase [43] reported an
outdoor ELCR in soil, and their results ranged from 0.66 to
1.01 � 10�3 with a mean value of 1.03 � 10�3. Taskin et al. [44]
reported an outdoor ELCR in soil, and their results ranged from
0.1 to 1.2 � 10�3 with a mean value of 0.5 � 10�3 [44]. Mohammed
and Ahmed [41] reported all the ELCR in soil and their results
ranged from 1.14 to 2.3 � 10�3, 0.04 to 0.09 � 10�3, and 1.28 to
2.59 � 10�3 with average values of 1.48 � 10�3, 0.19 � 10�3, and
1.67 � 10�3 for indoor, outdoor and total ELCR respectively [41].
These reported results from previous studies are in accordance
with results reported herein.

3.3. Basic statistical analysis of the data

Descriptive statistics is an appropriate tool for simplifying a
large amount of data by reducing it into a simple summary. The
data can be organised and summarized either numerically or
graphically, and it is possible to observe the entire set of data [45].
In this study, we employed the numerical and graphical methods to
investigate the normality distribution of the activity concentrations
of 226Ra, 232Th and 40K respectively and air absorbed dose rates. All
statistical analysis was carried out using graphing and analysis
software (Origin PRO). The arithmetic mean, standard deviation,
geometric mean, kurtosis, skewness, minimum (Min), and
maximum (Max) were estimated. Moreover, the box plots and
histograms of the analysed samples were plotted and discussed.
The frequency distributions of each of the radionuclide in the
samples were evaluated and compared with the normal and
lognormal distribution functions bymean of KolmogoroveSmirnov
modified test (KeS test) or Lilliefors test. The relevant statistical
variables are summarised in Table 2.

The basic statistics were employed to characterise the nature of
the distribution of relevant radioactive variables, and the results are
presented in Table 3. The results disclose many patterns of the
radionuclide distribution. Statistical variables such as arithmetic
mean (AM), geometric mean (GM), and median (M) can be
compared for normality testing of distribution of the natural ra-
dionuclides and relevant radiological risk variables such as air
absorbed dose rates.

Skewness and kurtosis are also helpful to study the normality
characteristics of the data sets. Therefore, knowledge of skewness
displays by how much a dataset deviates from the normal distri-
bution. A zero skewness indicates normal distribution. On the other
hand, the skewness of greater than zero and less than zero
(skewness > 0 and skewness < 0) indicates a deviation of the dis-
tribution from the normal toward values that are more positive
(skewed to the right) and negative (skewed to the left) respectively.
Furthermore, skewness value near zero either from the positive or
negative indicates approximate normal distribution. The measured
activity concentrations and air absorbed dose rates reported herein

Fig. 3. Indoor and outdoor air absorbed dose rate.

Fig. 4. Indoor, outdoor and total annual effective dose.
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have positive skewness as shown in Table 3, frequency distribution
graphs, and box plots. Therefore, the data points are assumed to be
asymmetrically distributed [46,47]. Kurtosis is like skewness; The
activity concentrations of the natural radionuclides and air absor-
bed dose rates reported herein have positive kurtosis as shown in
Table 3. Therefore, a heavy tailed distribution is assumed [47].

The normality of distributions can also be tested using KeS
modified test or Lilliefors test. This test depends on the p value
which measures the likelihood of the null hypothesis. If the p
value > 0.05, we fail reject the null hypothesis that a distribution is
normal. On the other hand, if the p value < 0.05, the null hypothesis
is rejected and asymmetrical distribution can be assumed. The p
value of KeS modified test for the activity concentration as well as
radiological risk variables reported herein are all less than 0.05,
which confirms that the data set are not significantly drawn from
the normal distribution. To verify the results, an attempt was made
to compare the goodness of fit test for normal and lognormal dis-
tribution. The results indicated that the data set for both activity
concentrations and air absorbed dose rates are neither significantly
drawn from normal nor lognormal distribution except for activity
concentration of 226Rawhich indicated p value greater than 0.05 for
lognormal test. The results of the two tests are also shown in
Table 3.

The frequency distribution of the radionuclide concentration
and air absorbed dose rateswere analysed and presented in Fig. 6 to
Fig. 7. The frequency distribution of the natural radionuclides in
building materials is not apparent in the literature. Most of the
histogram indicate some degree of multi-modality. The multi-
modality feature of the natural radionuclides in the building ma-
terials demonstrates the complexity of the minerals in the samples
[46,47].

To investigate the characteristics of distribution and variability
of the concentration of the natural radionuclides and air absorbed
dose rates, graphical representations of the statistical data using
box plot are presented in Figs. 6a and 7(a&b) The box plot is used to
describe the shape of the distribution, central value, and variability.
However, a box plot does not show details of the distribution like
histogram or stem and leaf plot does. A box plot is still helpful when
showing whether the distribution is skewed or if it has some un-
usual observation such as outliers in the data set. It is more useful
for large data. The height of the box span represents the inter-
quartile range, the median is marked by a solid horizontal line
across the box, and the square dot point in the box represents the
mean value. The whiskers are the two extended lines outside the
box; the lower and upper whiskers represent the minimum and

Table 2
Radiological risk parameters and excess lifetime cancer risks.

Building Materials Sample Number Din (nGy h�1) Dout (nGy h�1) AEDin (mSv y�1) AEDout (mSv y�1) AEDtot (mSv y�1) ELCRin (10�3) ELCRout (10�3) ELCRtot (10�3)

Tile 40 213.3 ± 73.1 111.5 ± 38.2 1047.5 ± 359.1 137.2 ± 46.9 1184.6 ± 362.1 4.03 ± 1.37 0.53 ± 0.18 4.56 ± 1.38
Red Brick 5 132.7 ± 10.4 70.2 ± 5.4 651.7 ± 51.2 86.4 ± 6.7 738.1 ± 51.6 2.51 ± 0.18 0.33 ± 0.02 2.84 ± 0.18
Cement Brick 5 156.1 ± 17.8 82.3 ± 9.6 766.3 ± 87.5 101.2 ± 11.8 867.5 ± 88.3 2.95 ± 0.30 0.39 ± 0.04 3.34 ± 0.30
Sand 10 124.5 ± 56.9 65.4 ± 29.9 611.1 ± 279.6 80.4 ± 36.8 691.5 ± 282.0 2.35 ± 1.02 0.31 ± 0.13 2.66 ± 1.03
Cement 10 77.1 ± 14.1 40.6 ± 7.5 378.7 ± 69.2 49.9 ± 9.2 428.6 ± 69.8 1.46 ± 0.25 0.19 ± 0.03 1.65 ± 0.25
Gravel 10 201.9 ± 135.8 105.7 ± 71 991.1 ± 666.6 130 ± 87.3 1121.1 ± 672.3 3.82 ± 2.43 0.50 ± 0.32 4.32 ± 2.45
White cement 5 83.2 ± 29.5 43.8 ± 15.5 408.6 ± 144.6 53.9 ± 19.1 462.5 ± 145.9 1.57 ± 0.50 0.21 ± 0.07 1.78 ± 0.50
Fly Ash 5 102.9 ± 5.6 54 ± 3 505.4 ± 27.7 66.4 ± 3.7 571.8 ± 27.9 1.95 ± 0.10 0.26 ± 0.01 2.21 ± 0.10
Feldspar 3 268 ± 83.5 138.7 ± 43 1316.1 ± 410.2 170.6 ± 52.9 1486.7 ± 413.6 5.07 ± 1.29 0.66 ± 0.17 5.73 ± 1.30
Limestone 3 26.9 ± 4.8 14.2 ± 2.6 132.2 ± 23.8 17.4 ± 3.2 149.6 ± 21.0 0.51 ± 0.07 0.07 ± 0.01 0.58 ± 0.07
Kaolin 1 487.2 ± 14.7 259.3 ± 7.9 2391.9 ± 72.3 319 ± 9.7 2710.9 ± 72.9 9.21 ± 0.28 1.23 ± 0.04 10.44 ± 0.28
Pottery Stone 1 237.3 ± 4.4 123.6 ± 2.3 1165.3 ± 21.5 152.0 ± 2.8 1317.2 ± 21.7 4.49 ± 0.08 0.59 ± 0.01 5.08 ± 0.08
Clay 2 301 ± 170.4 158.7 ± 89.3 1478.1 ± 836.7 195.2 ± 109.8 1673.3 ± 843.9 5.69 ± 2.28 0.75 ± 0.30 6.44 ± 2.30
Glaze 1 165.6 ± 7.5 87 ± 4.1 812.9 ± 37.0 107.0 ± 5.0 919.9 ± 37.3 3.13 ± 0.14 0.41 ± 0.02 3.54 ± 0.14
Talc 1 68.6 ± 6.8 36.4 ± 3.6 336.8 ± 33.6 44.8 ± 4.5 381.6 ± 33.9 1.30 ± 0.13 0.17 ± 0.02 1.47 ± 0.13

Note: Din and Dout are the indoor and outdoor air absorbed dose rate; AEDin, AEDout, AEDtot are indoor, outdoor and total annual effective dose; ELCRin, ELCRout and ELCRtot are
indoor, outdoor and total excess lifetime cancer risk.

Fig. 5. Indoor, Outdoor and Total Excess Lifetime Cancer risk.

Table 3
Statistical data for the activity concentrations and radiological risk parameters.

Statistical parameters Activity Concentration (Bq
kg�1)

Air Absorbed Dose
Rate (nGy h�1)

226Ra 232Th 40K Din Dout

AM±SEM 68 ± 4.7 58 ± 3.7 551 ± 32.1 170.5 ± 9.6 89.3 ± 5
STD 47.8 37.4 324.6 97.2 50.8
GM 53.4 49.3 441.3 144 75.6
Min 9.6 8.6 46.3 22 11.5
25th % 31.5 37 303.7 98.6 52.2
Median 54 54.1 599.6 166.2 87.4
75th % 89.5 68.3 690.3 206.8 108.2
Max 222.8 274.4 1589.2 494.2 259.5
Skewness 1.2 2.82 0.81 1.23 1.26
Kurtosis 1.03 12.26 0.94 2.09 2.22
Goodness of Fit Test for Normal Distribution
Lilliefors test �0.01 �0.01 �0.01 �0.01 �0.01
Goodness of Fit Test for Lognormal Distribution
Lilliefors test >0.15 0.04 �0.01 0.02 0.03

Note: Din and Dout are the indoor and outdoor air absorbed dose rate, respectively;
SEM and STD are the standard error of the mean and standard deviation, respec-
tively; GM, Min and Max are the geometric mean, minimum and maximum,
respectively.
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maximum values of the non-outlier observation respectively.
Meanwhile, the asterisks outside the box represent the outliers. The
lower and upper fence of the box represents the lower quartile
(25th percentile) and upper quartile (75th percentile) respectively.
In the box of activity concentrations, the median lines are not close
to mean values except for 40K. The interquartile ranges are 58.7,
31.9, and 388.6 Bq kg�1 for 226Ra, 232Th, and 40K respectively. The
median lines in the box of radiological risks variables are not close
to mean values. Therefore, the activity concentrations and associ-
ated radiological risk variables are not symmetrically distributed
except for 40K, which is symmetrically distributed.

The outliers are values that are far away from the other obser-
vations, they may be caused by the variability from the measure-
ment or experimental error. They are sometimes excluded from the
statistical analysis because they can cause a serious problem.
However, in the natural activity concentrations study, the outliers
cannot be cast out just because of a significant difference from the
other samples [46,47]. The outliers reported herein are the values
that fall away from the normal distributions. From Fig. 6a, the upper
whisker and the lower whisker for 226Ra are gravel 74 and lime-
stone 95with values 176.2 and 9.6 Bq kg�1 respectively, the ceramic
11 and limestone 95 with values 91.6 and 8.6 Bq kg�1 are the upper
and lower whiskers for 232Th. On the other hand, the upper and
lower whiskers for 40K are gravel 79 and limestone 95 with values
1249.8 and 46.3 Bq kg�1 respectively. Any values above or lower
than the upper and lower whiskers are regarded as outliers. The
stated lower whiskers for all the radionuclides correspond to the
minimum values of the measured activity concentrations. There-
fore, there are no outliers at the bottom box plot in Fig. (6).

However, there are many outliers at the upper whiskers in the box
plot: the outliers for 226Ra are clay 99, ceramic tile 5, ceramic tile 1,
and feldspar 91; the outliers for 232Th are kaolin 97, clay 99, ceramic
tile 5, ceramic tile, gravel 75, gravel 78, and gravel 79; while the
outliers for 40K are ceramic tile 1, ceramic tile 5, gravel 74, and
gravel 75.

Therefore, based on numerical method, the natural radionuclide
concentrations and air absorbed dose rates are neither normal nor
lognormal except for 226Ra. However, the frequency distribution
histograms were compared with both normal and lognormal curve
and found to fit lognormal distribution curve as shown Figs. 6 and 7.
The asymmetrical distribution of the activity concentrations and air
absorbed dose rates are in accordance with previous studies by Do
Carmo Leal and Da Costa Lauria [48], Ravisankar et al. [49] and
Ravisankar et al. [46].

3.4. Long-term Radiological Risks Analysis using RESRAD-BUILD
Computer Code

The long-term radiological risk was evaluated using RESRAD-
BUILD 3.5 computer code designed by Argonne National Labora-
tory. RESRAD-BUILD computer code is a pathway analysis model
developed to assess the possible radiological dose incurred by
people who works or lives in a contaminated building with radio-
active materials [21,50,51]. The transport of the radioactive mate-
rials inside the building of at most three compartments are
computed with indoor air quality model (the calculation may be
from one compartment to another). The air quality model studies
the transport of contaminated dust particulates and radon

Fig. 6. Distribution and variability of activity concentrations.
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daughters (including deposition and resuspension) and their decay
and ingrowth. It is possible for a single run to include up to three
compartments, four source geometries, ten different receptor lo-
cations, and ten different source locations. A user can also specify
the shielding type between each source-receptor from eight
different material types given by the code [48,50]. RESRAD code has
been approved after undergoing numerous verification and various
benchmarking analysis. To compare the environmental transport
models, RESRAD code has been included in the IAEA VAMP and
BIOMOVS II codes. The workshop and training of this code have
been held at the US Environmental Protection Agency (EPA)
headquarters, regional offices, and the United States Nuclear Reg-
ulatory Commission (US NRC) [52].

3.5. Direct exposure from building materials

In RESRAD-BUILD computer code, the model is designed based
on semi-infinite slab source and corrections for geometric factors.
The model employs the dose conversion coefficients of external
exposure based on the photon emitted by radionuclides dissemi-
nated in the soil. The model assumed that sources are infinite in
lateral extent to obtain values of dose coefficients of any shape,
depth, cover, and size; it also accounts for area and shape. To assess
the total external dose (Dex), the code uses Eq. (7) [48,50]:

Dex ¼ OF � Ci � DCF � GF (7)

where OF and GF are the indoor occupancy factor and geometrical
factor respectively, for the infinite area, source thickness, and po-
sition. Ci and DCF are the activity concentration of the radionuclide

(Bq g�1) and dose conversion factor {(mSv y�1) (Bq g�1)�1}
respectively.

3.5.1. Estimation of dose caused by inhalation of radon
The highest dose received by the people arises from the short-

lived alpha emitter progenies of radon; when they are inhaled,
they deposit on the inner surfaces of the lung. Calculation of the
doses from radon and its progenies requires variables such as radon
exhalation rate, radon concentration in the air, and concentration of
the radon progenies to be estimated. Air quality model is employed
by the RESRAD code to estimate the radon dose and the concen-
tration of the radon progenies based on the air exchange between
the compartment and outdoor air. Furthermore, radioactive decay
and ingrowth were also estimated. Eq. (8) is used by the code to
calculate the indoor radon concentration (CRn) [48,50]:

CRn ¼ P � CRa � l � r � A � d
Vðl þ lvÞ (8)

where P and CRa are radon emanation fraction and activity con-
centration of radium in the building materials (Bq kg�1) respec-
tively. l and lv are the radon decay constant (0.007 h�1) and air
exchange rate (h�1) respectively. r is the density of the sample
materials (kg m�3), A and V are the room area (m2) and the inner
volume of the room (m3) respectively.

The assessment of the long-term radiological risks in the pre-
sent study considers an average lifetime of 70 years and the dose
library used was the International Commission on Radiological
Protection (ICRP 72), and details of the inputs are presented in
Table 4. Unlike previous studies [17,21] which focus on the

Fig. 7. Distribution and variability of air absorbed dose rate.
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contribution of floors and the foundation of the compartment as
the only contaminated areas, the present study also included the
contribution of the walls of the compartment.

The main parameters requested for the dose assessment are
emanation fraction, ventilation rate, effective radon diffusivity,
porosity, and density. The radon diffusivity, porosity, and density
used in this study are 2 � 10�5 m2 s�1, 0.1, and 2400 kg m�3

respectively. Furthermore, the shielding thickness considered in
this study is zero since there is no barrier between the receptor and
the floor and/or walls. Ventilation rate or air exchange rate artic-
ulates the total volume of the air in the dwelling exchanged by the
outside air per unit of time. Yoshino et al. [53] reported a survey on
minimum ventilation rate of residential building in fifteen coun-
tries. The regulation of air ventilation in some of the countries such
as Sweden, Denmark, France, and Japan are mandatory. Their sur-
vey concluded that the minimum air ventilation rate for the resi-
dential building was nearly 0.5 h�1 for all the fifteen countries in
the study and the concluded value was also in accordance with the
Japanese regulation [53]. Therefore, 0.5 h�1 was chosen as the base
data for the conventional dose assessment.

The radon emanation fraction was also determined for some of
the building materials using gamma-ray spectroscopy following
the standard procedure stated in the IAEA report [54]. The samples
were counted several times before and after the radioactive equi-
librium is achieved. The mean results were 0.1, 0.15, 0.16, 0.17, 0.25,
and 0.3 for ceramic tiles, gravel, red brick, cement, sand, and
cement brick respectively, while the overall mean was 0.2. The
reported radon emanation fraction was in accordance with other
previous studies [55e58].

The long-term radiological dose assessment using RESRAD-
BUILD computer code estimated from zero to 70 years and the
variations are presented in Fig. 8 to Fig. 10. In addition, the average
indoor doses of each of the building material are presented in
Fig. 11. The simulation results of indoor external, internal, and total
effective dose equivalent (TEDE) range from 17 ± 1 to 244 ± 9,
143 ± 7 to 2425 ± 132, and 160 ± 7 to 2669 ± 132 mSv y�1 with
average values of 92 ± 59, 689 ± 566, and 782 ± 569 mSv y�1 for
external, internal, and TEDE respectively. The average internal dose
is over 7 times higher than the average external dose. The results
also indicate a relative increase in the doses from zero to about 30
years before becoming relatively constant up to 70 years. Similar
behaviour was reported by Ismail et al. [21]. Each building material

has a distinct contribution to the indoor dose, and the amount of
the dose contributed by each building material varies from one
material to another. For instance, kaolin had the highest contribu-
tion to indoor doses, while limestone contributed the smallest in-
door dose. Kaolin and limestone are both ceramic raw materials.
However, among the major building materials, brick contributed
the highest dose received by the dweller, even though the activity
concentration of brick was lower than ceramic tiles. One of the
possible reason behind the lower indoor dose of the ceramic tile is
radon emanation fraction because the radon emanation fraction of
ceramic tiles is very small compared with that of brick samples.
However, the higher doses obtained in the other ceramic raw ma-
terials may also result from the radon emanation fraction. Thus, the
indoor doses reported herein are all below the recommended
maximum value except for kaolin, which showed relatively high
indoor doses [59]. Majid et al. [17] reported a TEDE of up to 50 years
for concrete; their study focused on the variation of TEDE based on
room volume and wall thickness [17]. Ismail et al. [21] reported all
the indoor doses up to 100 years for tiles, and their results ranged
from 22 to 33, 90 to 491, and 112e525 mSv y�1 for external, internal,
and TEDE respectively [21]. Furthermore, they reported the indoor
doses based on vertical component only, while the study reported
herein includes the contribution of the wall and it also includes
many other building materials in addition to tiles (see Fig. 9).

Table 4
RESRAD-BUILD computer code input parameters.

Parameters Value

Dose library ICRP 72 (Adult)
Time Parameters
Exposure Duration 25550 days
Indoor Fraction 0.5
Times for calculation 70 years
Time integration 65
Building Parameters (number of room is one)
Deposition velocity 0.01 m s�1

Resuspension rate 5 � 10�7 s�1

Building exchange rate 0.5 h�1

Room dimension 4 � 5 � 2.8 m
Receptor Parameters (number of receptor is one)
Time fraction 0.8
Breathing rate 20 m3 d�1

Receptor/dweller location 2 � 2.5 � 1
Source Parameters (number of sources is three)
Location of the sources On the wall and floor
Radionuclides 226Ra, 232Th and 40K
Direct ingestion 0 g h�1

Air fraction 0.1

Fig. 8. Indoor external dose of various building materials.

Fig. 9. Indoor internal dose of various building materials.
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3.5.2. Comparison between TEDE and AEDin

The comparison between the TEDE and the indoor annual
effective dose is presented in Fig. 12. The contribution of each
building material is also presented. The AEDin of some of the
building materials such as ceramic tiles, cement, gravel, feldspar,
pottery stone, and glaze were higher than TEDE values. This is
because TEDE values depend on the radon exhalation rate, indoor
radon concentration, and ventilation, whereas AEDin mainly de-
pends on the activity concentrations of natural radionuclides.

4. Conclusions

The level of natural radioactivity and associated radiological
hazards to the human health were studied and analysed using
gamma-ray spectroscopy coupled with HPGe detector. The radon
emanation fraction of some of the building materials was also
determined using HPGe detector. The overall average activity con-
centrations of all the building materials ranged from 9.6 ± 0.7 to
222.8 ± 5.1, 8.6 ± 1 to 274.4 ± 8.1, and 46.3 ± 6.5 to 1589.2 ± 21.1 Bq
kg�1 for 226Ra, 232Th, and 40K respectively. The activity concentra-
tions reported herein were compared with the world average
values, Malaysian soil activity concentrations, and other previous
studies from various parts of the world. The results reported herein
were comparable with other previous studies including the
Malaysian soil activity concentrations reported by UNSCEAR. The
results of the radon emanation fraction ranged from 0.1 to 0.3 with
an average value of 0.2. Furthermore, the maximum and minimum
activity were recorded in kaolin and limestone respectively, while
ceramic tiles showed the highest activity concentration in the
common building materials, which also justify the high activity
recorded in kaolin, feldspar, and clay.

The activity concentrations were assessed for possible radio-
logical hazards to the human health by calculating the air absorbed
dose rates, annual effective doses, and excess lifetime cancer risks.
The results of air absorbed dose rates ranged from 22 ± 2.3 to
494.2 ± 11.8 and 11.5 ± 1.2 to 259.5 ± 6.1 nGy h�1 for Din and Dout
respectively. The results of annual effective dose ranged from
108 ± 11 to 2427 ± 58, 14 ± 2 to 319 ± 8, and 122 ± 13 to
2746 ± 65 mSv y�1 for AEDin, AEDout, and AEDtot respectively. On the
other hand, the results of excess lifetime cancer risks ranged from
0.42 ± 0.04 � 10�3 to 9.34 ± 0.2 � 10�3, 0.05 ± 0.01 � 10�3 to
1.23 ± 0.03� 10�3, and 0.47± 0.04� 10�3 to 10.57± 0.22� 10�3 for
ELCRin, ELCRout, and ELCRtot respectively. These results are in
accordance with the average world values and other previous
studies. However, most of the ELCR values reported here are higher
than the world average values.

Furthermore, the activity concentrations and radon emanation
fraction were subjected to RESRAD-BUILD computer code to eval-
uate the long-term radiological effect of using the building mate-
rials in the construction of houses in Malaysia. The indoor external,
internal, and TEDE were investigated for up to 70 years; a signifi-
cant increase was observed in the indoor doses from zero up to 30
years, and after 30 years the doses stabilized and became relatively
constant. The simulation results of external, internal, and TEDE
ranged from 17 ± 1 to 244 ± 9, 143 ± 7 to 2425 ± 132, and 160 ± 7 to
2669 ± 132 mSv y�1 respectively. The simulation indicated the
significant role of radon emanation fraction on the indoor doses
received by the dweller. The activity concentration of 226Ra in the
ceramic tile was greater than two times the activity concentration
of 226Ra in bricks. However, the long-term simulation showed that
the contribution of bricks to the indoor doses was higher than that
of ceramic tiles. Furthermore, the results were compared with in-
door annual effective dose, even though the indoor annual effective
dose strongly depends on the activity concentrations in the sam-
ples while the TEDE depends on many other variables such as

Fig. 11. Average indoor doses of various building materials.

Fig. 12. Comparison between total effective dose equivalent and indoor effective dose.

Fig. 10. Total effective dose equivalent of various building materials.
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ventilation rate, radon emanation fraction, indoor radon concen-
tration, the density of the building materials, room size, etc. The
comparisons showed that the two variables are analogous to each
other.

The average annual effective dose and TEDE were all below the
recommended maximum value of 1500 mSv y�1, and therefore, the
contribution of the radiological hazards from the buildingmaterials
under this study is negligible. However, some ceramic raw mate-
rials showed elevated activity concentrations which would serve as
an alert to the local authority dealing with radiation protection.
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