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Abstract Natural radioactivity radionuclides in building

materials, such as 226Ra, 232Th and 40K, cause indoor

exposure due to their gamma-rays. In this research, in a

standard dwelling room (5.0 m 9 4.0 m 9 2.8 m), with

the floor covered by various granite stones, was set up to

simulate the dose rates from the radionuclides using

MCNP4C code. Using samples of granite building products

in Iran, activities of the 226Ra, 232Th and 40K were mea-

sured at 3.8–94.2, 6.5–172.2 and 556.9–1529.2 Bq kg-1,

respectively. The simulated dose rates were

26.31–184.36 nGy h-1, while the measured dose rates

were 27.70–204.17 nGy h-1. With the results in good

agreement, the simulation is suitable for any kind of

dwelling places.
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1 Introduction

Indoor exposure to gamma-rays from natural radionu-

clides in building materials is inherently greater than out-

door exposure [1]. To determine radiological hazards to

human health, the natural radioactivity from building

materials must be under control. Some researchers mea-

sured radioactivity in concrete, granites and sand [2].

Terrestrial origin building materials, such as concrete,

cement, brick, sand, aggregate, marble, gypsum and granite

[3], usually contain the uranium and thorium decay series

radionuclides, so the radiation exposure arises mainly from
238U, 232Th series and 40K [4]. When the duration of

occupancy is taken into account, indoor exposure becomes

even more significant [5].

The distribution and concentrations of the parent radium

radionuclides in bedrocks of various types vary greatly

from type to type. In general, granites have relatively high

radium content. Therefore, it is not only important but also

feasible to assess the radiological hazard by calculating

indoor external dose based on radioactivity measured for

building materials [6]. Radium-226, as an alpha emitter

with a half-life of 1622 years, is a natural decay product of
238U series. The other gamma-emitting radionuclides from
226Ra decay are 214Pb and 214Bi.

The specific absorbed dose rate in air is mainly affected

by the following parameters: position, thickness and den-

sity of building materials [7, 8]. The Monte Carlo code

MCNP4C has been used to evaluate the absorbed doses in

air. Developed for simulating transports of electrons, neu-

trons, photons, etc., the code gives an arbitrary three-di-

mensional configuration of materials in geometric cells.

The model has been presented in terms of an input file in

this code. It encloses the geometry, material, source

information and the type of output needed in the form of

standard tallies already supplied [9].

In this paper, in a living room geometry, dose rates of
226Ra, 232Th and 40K in high-exposure building materials in

Iran are measured and simulated using the MCNP4C code.

The simulation and measurement results are compared.
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2 Materials and methods

2.1 Experimental procedure

The collected samples were pulverized, sieved through a

0.2-mm mesh, sealed in standard 1-L Marinelli beakers,

dry-weighed and stored for 4 weeks before counting in

order to allow the attainment of equilibrium between 226Ra

and 222Rn and its decay products. In equilibrium, the

activity of each daughter is equal to that of the initial

isotope of the series [8]. The gamma-ray spectra of the

prepared samples were measured using a typical high-res-

olution gamma spectrometer based on a coaxial P-type

shielded high-purity germanium (HPGe) detector, with a

relative photo-peak efficiency of 80% and energy resolu-

tion of 1.80 keV (FWHM) at 1332 keV, coupled to a high-

count-rate Multi-Task 16 k MCA card. Commercial soft-

ware Gamma Genie-2000 was used for data analysis [6].

The 226Ra activities were calculated from the short-lived

daughters 214Pb (295.2 and 351.9 keV) and 214Bi

(609.3 keV). Similarly, 232Th activities were measured by

taking the mean activity of photo-peaks of the daughter

nuclides 228Ac (338.40, 911.07 and 968.90 keV) and 212Pb

(238.63 keV). Activities of 40K were determined directly

from its 1460.83 keV gamma-ray. Quality assurance of the

measurements was determined by using of Standard Ref-

erence Material IAEA Soil-375 [10].

The density of all the granite samples was estimated at

2580 kg m-3 in average. The granite stones in markets are

usually sized at 30 cm 9 50 cm 9 3 cm [11]. The granites

differ from one type to another in their compositions.

Table 1 shows the composition of a typical granite stone.

Calculation of the dose rate conversion factors was done

based on the point kernel integration method for floors

covered with 3.0-cm-thick granite. The free-in-air absorbed

dose rate (nGy h-1) in the room center can be expressed as

Eq. (1) [4]:

dD=dt ¼ 0:04AK þ 0:46ARa þ 0:60ATh; ð1Þ

where AK, ARa and ATh are the activity concentrations

(Bq kg-1) of 40K, 226Ra and 232Th, respectively.To cal-

culate the effective annual dose rate (mSv), we consider the

conversion factor 0.7 Sv Gy-1 for adult categories. The

indoor occupancy factor is 0.8 as given by UNSCEAR

report, and the allowed indoor dose is 1 mSv year-1 [5].

The effective annual dose rate is given by Eq. (2)

dE=dt ¼ dD=dtð Þ � 0:7 ðSvGy�1Þ � 24 � 365

� 0:8 ðh year�1Þ: ð2Þ

2.2 Theoretical procedure

2.2.1 Room geometry

According to the standard living room, a room with

dimensions of 4.0 m 9 5.0 m 9 2.8 m is defined for the

MC simulation. Its floor is covered with granite stones of

3.0 cm thickness, with the compositions listed in Table 1.

The detector is at the room center.

2.2.2 Monte Carlo simulation

By defining necessary parameters of high-exposure

building materials and room geometry, we can simulate the

indoor external gamma-ray exposure and the dose distri-

bution. The interaction of photons with walls and the air is

simulated by MCNP4C code.

To improve the calculation accuracy, 10–2000 keV

gamma-rays of over 1% emission intensity from 226Ra,
232Th and 40K, as summarized in Table 2, are used in the

simulation.

The photon flux and energy deposition in the room

center are calculated by using F4 and F6 tallies, respec-

tively. This code reads the input file such as the geometry,

materials, neutron source. Results of interest can be

scored by using tallies. A tally is a specification of what

should be included in the output. For example, the pho-

tons flux (F4) through a certain area or the number of

photons in a particular energy interval can be calculated

by [9]

F4 ¼ C

Z
U Eð ÞdE; ð3Þ

where C is an arbitrary scalar quantity for normalization,

U(E) is the photon flux (F4) in cm-2, and E is incident

photon energy.The energy deposition or heating tally (F6)

is the following track length estimates and can be calcu-

lated by

F6 ¼ qa=qg

Z
H Eð ÞU Eð ÞdE; ð4Þ

where qa is the atom density (atoms barn-1 cm-1); qg is

the mass density (g cm-3); and H(E) is the heating

response, having different meanings, depending upon the

context as follows

H Eð Þ ¼ rT Eð ÞHavg Eð Þ; ð5Þ

Table 1 Compositions (in %) of a typical granite sample

Fe2O3 FeO CaO Na2O K2O Al2O3 SiO2

1.22 1.68 1.82 3.69 4.12 14.42 72.04
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where rT is total photon cross section and Havg(E) is

average energy of exiting gamma-rays for each reaction

and for all energies is assumed to be deposited locally. The

energy deposition tally (F6) is in MeV g-1.

3 Results and discussion

3.1 Experimental and simulation results

The measured activities of 232Th, 226Ra and 40K in the

granite samples are 6.5–172.2, 3.8–94.2 and 556.9–1529.2

Bq kg-1, respectively. They are shown in Table 3, together

with measurement and simulation results of the absorbed

dose rate (dD/dt) and effective annual dose rate (dE/dt) due

to 226Ra, 232Th and 40K in air.

The absorbed dose rate is calculated by using DFn

(Dose Function), DEn (Dose Energy) cards and tally F4

operations. Suppose one wanted to compute a dose rate of

some type associated with a flux tally, either total or by

energy group. This feature allows one to enter a point-wise

response function (such as flux-to-dose conversion factors)

as a function of energy to modify a regular tally. The

energy points are specified on the DEn card, and the cor-

responding values of the dose function are identified on the

DFn card.

The calculated dose rate distributions due to 232Th,
226Ra and 40K in the room floor are shown in Fig. 1. As can

be seen, the dose rate in the floor center is the maximum.

The dose rate decreases with increasing height (the Z di-

rection, not shown).

The simulated dose rates are 26.3–184.4 nGy h-1,

averaged at 90.7 nGy h-1, while the measured dose rates

are 27.7–204.2 nGy h-1, averaged at 104.9 nGy h-1. The

two sets of minimum–maximum range and average value

overlap closely. Thus, the simulation method is suit-

able to any kind of dwelling places with the use of

granite stones. The uncertainties are calculated within 1r
(standard deviation) and simulation uncertainties calcu-

lated fewer than 5% errors by code. The uncertainty is

calculated by

Xmean ¼ ð
X

XiÞ=N; rX ¼
X

Xi � Xmeanð Þ2=N
h i1=2

;

X ¼ Xmean � rX; ð6Þ

where Xmean is the mean value, N is number of data, and Xi

is data (i = 1,2,3,…,N). The approximations errors are

expressed by:

Rel XAð Þ ¼ jðXT � XAÞ=XTj XT 6¼ 0; ð7Þ

where XT is the true value and XA is the approximate value.

The measured 232Th, 226Ra and 40K activities of the

samples are used to calculate the effective annual doseT
a
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rates, which are 0.14–1.00 mSv year-1, while the simu-

lated effective annual dose rates are 0.13–0.92

mSv year-1.

4 Conclusion

The amount of radiation from natural radionuclides of
226Ra, 232Th and 40K in building materials is determined

with a standard room of 5.0 m 9 4.0 m 9 2.8 m with its

floor covered by various granite stones produced in Iran.

The dose rates are measured by a gamma-ray spectral

system with an HPGe detector and simulated with the

MCNP4C code. The two sets of minimum–maximum dose

rate range and averaged dose rate show good agreement.
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