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The dose of gamma radiation
from building materials and soil
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Abstract. The radioactivity of some structural building materials, rows, binders, and final construction products,
originating from Serbia or imported from other countries, was investigated in the current study by using the
standard HPGe gamma spectrometry. The absorbed dose in the air was computed by the method of buildup
factors for models of the room with the walls of concrete, gas-concrete, brick and stone. Using the conversion
coefficients obtained by interpolation of the International Commission on Radiobiological Protection (ICRP)
equivalent doses for isotropic irradiation, the corresponding average indoor effective dose from the radiation of
building materials of 0.24 mSv-y~! was determined. The outdoor dose of 0.047 mSv-y~! was estimated on the
basis of values of the specific absorbed dose rates calculated for the radiation of the series of 2**U, 2*Th and *K
from the ground and covering materials. The literature values of the effective dose conversion coefficients for
ground geometry were applied as well as the published data for content of the radionuclides in the soil.
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Introduction

The use of materials with elevated radioactivity
in building construction can increase the indoor
exposure to ionizing radiation. The content of
natural radionuclides in common structural NORM
(naturally occurring radioactive material) building
materials — rows and products: lime, gypsum, sand,
gravel, stone, concrete, brick, reflects the geological
origin of their mineral components. In accordance
with the mechanisms of formation and conditions
for migration of rock substances, the quantities of
281, 22Th and *°K vary within the same species
of a material [1].

In general, due to the abundance of accessory
minerals, the highest concentration of radionuclides
is found in igneous granites, while the amount
of these elements in other stones depends on the
type of protolite and weathering and are mainly
determined by the content in lithophile minerals.
The lowest radioactivity is exhibited in gypsum
and lime, formed by chemical sedimentation, in
which the presence of radionuclides occurs from
non-carbonate constituents [2]. Clastic sediments,
sand and gravel, with domination of quartz, do not
contain great amounts of the radioactive elements
—they are affected by the transport of different rock
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materials from distant locations. In sedimentary clay
deposits, raw materials for producing ceramic, high
adsorption capability of the layers of clay minerals
can contribute significantly to the uranium and
thorium concentration [3].

The content of 252U, ??°Ra, *Th and *°K, was
previously measured in typical rocks, soil and com-
mon building materials in Serbia [4-10]. The results
are around the averages of the worldwide ranges [1,
11-13].

Since new and imported products are in use,
in order to consider the fulfilment of the effective
dose criterion (1 mSv) [14-16], the exploration of
the radioactivity of building materials continues to
be carried out in this study. Also, for the purpose
of radiological protection, the aim of this research
is an estimation of the average indoor and outdoor
gamma dose for the population in Serbia.

The effective dose, E (in Sv), corresponding to
gamma radiation of a building material is usually
determined from the absorbed dose in the air D (in
Gy): D = quAu + gmAm + qxAk, produced by the
activities (A) of the series of #8U, %Th and “K in
a standard room [17], where the parameters g are
the activity concentration - absorbed dose conver-
sion factors. Also, the UNSCEAR [12] conversion
coefficient D — E, calculated for the plate of ground
and rounded to the unique value of 0.7 Sv/Gy for all
three radionuclides, is typically applied.

As the density and thickness of the materials used
for room construction belong to a wide range (and
can differ significantly from the standard room val-
ues) in this study, for the purpose of the calculation
of the conversion factors g, we took into account the
effect of these parameters’ variability as discussed
in [18, 19]. Furthermore, the effective dose was
evaluated by applying the conversion coefficients
for room geometry obtained by interpolation of their
published values for isotropic (ISO) irradiation.

Different values of the absorbed dose conversion
factors for terrestrial U, #2Th and “K radiation
have been published [20-22] depending on the
calculation parameters and computation method.
So, the conversion factors in this study were evalu-
ated for variable parameters of the plate model of
the ground (obtaining the functional dependences
on the thickness and surface), considering also the
covering effect of concrete layer. The mean outdoor
dose is then assessed from measured values of soil
radioactivity [23, 24], averaged for the country.

Method
Calculation

The conversion factors, gy, g, and gy in both cases,
the room and ground radiation, were calculated in
kerma approximation, for National Bureau of Stan-
dards (NBS) [25] air composition, by the method
of buildup factors with geometric progression (GP)
parametric form [26]. The integration over the
volumetric radiation source was performed using the
program Mathematica [19], which was applied for all

interpolations in this study. Specific absorbed dose
rates of 28U, %2Th and *°K were determined for the
detection point placed at the centre of the room with
standard dimensions: 4 X 5 x 2.8 m?, without doors
and windows [17] and with variable thickness of the
walls: from 10 to 25 cm. The use of the materials with
variable density was assumed, in the range from 0.6
to02.6 g.em™ (p=1.6 g-cm™ for the soil), disregarding
the differences in their chemical composition - the
buildup factors [27] and density weighted attenua-
tion coefficients for NBS concrete were applied. The
effect of covering material with the layer of another
material was considered using the buildup factor for
the combination of the layers [28].

The indoor effective dose was calculated by
weighting of the coefficients for the equivalent dose
H/K, (H - equivalent dose, K, — air kerma), as in the
study [29], but in accordance with the ICRP [30]
recommendations for tissues and organs weighting
factors. These coefficients, for radiation of the radio-
nuclide series of 28U, %2Th and *K, were determined
by Lagrange interpolation of ISO values in [31-33],
given for particular discrete energies.

Measurement

The types of explored building materials, available
at the market, originated either from Serbia or from
imports are listed in Table 5, in the frame of the mea-
surement results. The investigations were carried
out using the standard gamma spectroscopy system
with Canberra HPGe detector calibrated in the
energy range 40-3000 keV with relative efficiency
26% and full width at the half of maximum FWHM
= 1.8 at 1332 keV (°°Co). The activity concentra-
tions, A [Bq-kg™], of natural radionuclides: **°Ra,
#%2Th and “K in the samples were measured with
the associated combined standard uncertainty at
1o confidence level of 10%.

Results
Conversion factors
Building materials

The specific absorbed dose rates in the room 5 x 4
x 2.8 m?, due to the U, %?Th and *’K gamma radia-
tion from certain building materials, assuming their
application only in the walls construction, are given
in Table 1. The contribution of the floor and ceiling
of the concrete structure with the same thickness,
d = 20 cm, is also presented.

In order to fit the results of the calculation
where the combinations of the parameters p and d
have been applied, we obtained (in Mathematica)
the formula (1):

(1) q=4a,+ alpd + az(pd)z + d3(pd)3

for dose conversion factors corresponding to radia-
tion only from the walls with arbitrary density and
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Table 1. The values of gy, gm and gk corresponding to the walls d = 20 cm, from some building materials and concrete

floor and ceiling, d = 20 cm (in the room 4 X 5 X 2.8 m®)

) Density, p Conversion factor, ¢ [nGy-h/Bq-kg]
Material [ 'Cm_g]
g 238(J 232Th 0K
Walls
Aerated concrete 0.8 0.193 0.227 0.0169
Gypsum 1.2 0.259 0.306 0.0230
Brick 1.6 0.307 0.365 0.0277
Concrete (standard room) 2.35 0.364 0.436 0.0335
Stone 2.6 0.376 0.452 0.0348
Floor and ceiling
Concrete (standard room) 2.35 0.393 0.474 0.0366
Table 2. The values of the parameters in the fitting formula (1)
) Conversion factor, ¢ [nGy-h"'/Bq-kg™]
Fit parameter
238U 232Th 401{

ao -3.150 - 107 -7.687 - 10°° -3.1836 - 10*
a; 1.556 - 107 1.865 - 107 1.3440 - 107
a, -2.167 - 10+ -2.592 - 10* -1.7000 - 10°°
as 1.095 - 10 1.336 - 10°° 7.8240 - 108
Table 3. The effective dose conversion coefficients for ~ Ground

radiation of the series of natural radionuclides in standard
room geometry

Conversion factor

Radionuclide (kerma in air — effective dose) E/K,
[Sv-Gy™']
8y 0.734
B2Th 0.748
40K 0.753

thickness. The fitting formula for the radiation of
floor and ceiling was published in Ref. [34].

The parameters ay-as of expression (1) are shown
in Table 2. For each q (qu, g or gx), the coefficient
of determination of the fit is: R? ~ 0.9999.

The values of the conversion coefficients: ab-
sorbed dose (air kerma) — effective dose, E/K, (in
Sv-Gy™), calculated for >**U, »*Th and *K, in the
geometry of a standard room, are given in Table 3.
The results were obtained assuming the equilibrium
in the series, using the values of qy, ¢, and gk in the
standard room: 0.757, 0.910 and 0.0700 nGy-h™'/
Bqg-kg™, respectively [10].

gu(pGy h' /B kg™)
500,

50 3 80 m°
400 30 30m
10% 10 m™
J00F
Sx5m
200
. . . ~ d (cm)
0 20 40 60 80 100

Fig. 1. The dependence of absorbed dose conversion factor
qu, on the thickness of the ground for four values of the
surface (with the same form of the curves for g, and gx).

The absorbed dose conversion factors were calcu-
lated for variable thicknesses, d (5-150 cm), and
surfaces, S (5 X 5 - 100 x 100 m?), of the ground
modeled as the quadratic plate, with density of
1.6 g-cm™ [20], at the point # = 100 cm above its cen-
tre. The results, shown in Fig. 1 for gy (with the same
form of the curves for gr, and gx) were indicative for
the estimate of the degree of dependence saturation
for published parameters d = 100 cm, and S = 80 x
80 m? [21]. Since 99% of asymptotic g was attained,
the values of the conversion factors for these param-
eters, presented in Table 4 (where qy, g and gy in the
case of the application of covering materials are also
given), were used in further calculation of the doses.

For a more detailed insight, Fig. 2 shows the
conversion factors per emitted photon, g (E)/Y (E),
resolved into the spectrum according to the [35] en-
ergy grouping and compared for the radiation of the
ground and in the standard room. The lower values
of the ground than the room conversion factors are
significantly caused by the distribution and attenu-
ation of photon fluence in different geometry rather
than being the consequence of the density differ-
ences. The fitting formulae, derived in Mathematica:

In(g/¥)(pGy h™'/Bq kg™")

=S |

Ground S =80 B0m2,d=1m

e L I S

= s - s o E(MeV)
P05 10 15 20 25

Fig. 2. The dependence of absorbed dose conversion factor
per photon yield, g/Y, on the photon energy, E, for the
emission of the ground and in the standard room.
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Table 4. The values of gy, gm and gy for the radiation of the ground, p = 1.6 g-cm™, at the point # = 100 cm above

the plate: S = 80 x 80 m and d = 100 cm

Density, p Conversion factor, ¢ [nGy-h'/Bq-kg™]
Geometry Coverage s
[g-cm™] 2387 232Th 0K
Ground (80 x 80 m? & = 100 cm) No 1.6 0.427 0.528 0.0405
Covered ground d = 100 cm Yes 1.6 0.133 0.176 0.0137
Covering material (asphalt, stone) d = 6 cm 2.6 0.294 0.352 0.0268

- for ground

(2.1) In(g/Y) (E) = 5.527 + 1.103 InE - 0.00522 In’E
~0.00579 InE - 0.0510 In‘E — 0.0119 In°E

— for standard room

(2.2) In(g/Y) (E) = 6.120 + 0.988 InE - 0.0393 In’E
~0.0101 InE - 0.0499 In‘E - 0.0108 InE

with the coefficients of determination of R? =
0.99999 for both fits, and with a similar form as
the point source dose equivalent in [36], enable the
calculation of conversion factors for an arbitrary
approach to energy grouping.

Indoor irradiation due to the building materials

Radionuclides in building materials; fulfilment
of dose criterion

The range and the average values of ?*Ra (***U), #2Th
and *K activity concentrations in the investigated 137
building materials classified by the type are shown in
Table 5. The results are in accordance with the geologi-
cal characteristics of the samples: the lowest content
of the radionuclides, comparable with the minimum
detectable activities, are measured in sediments lime
and gypsum, while the highest activity concentra-
tions are exhibited by some granites (African red,
new imperial red).

Table 5. The ranges and the average values with standard deviation (calculated for five and more samples), of activ-
ity concentrations, A [Bq-kg™'], of radionuclides in building materials and the corresponding values of the effective
dose, E [mSv-y™']

Activity concentration, A [Bq-kg™]

. -
Building material (range) Effective dose, E [mSv-y]
(number of samples) average value with SD (range)
average value with SD
226Ra 232Th 401{
Sand (5) (11-13) (13-19) (323-382) (0.023-0.028)
12 +1 16 £ 2 348 + 23 0.025 = 0.002
(14-26) (12-17) (305-354) (0.25-0.28)
Gravel (3) 19 14 333 0.26
(2-14) (<1-8) (7-422) (0.020-0.21)
Quartz sand (7) 5+ 4 4+3 99 + 156 0.073 + 0.073
. (1-4) (1-2) (2-13)
Lime (3) 2 1 6 <0.01
(1-39) (1-5) (2-63) (<0.01-0.059)
Gypsum (15) 8+9 21 29 + 17 0.018 + 0.012
. (13-19) (12-20) (194-263) (0.18-0.26)
Clinker (8) 17 2 17 3 216 + 25 0.22 + 0.026
Portland cement (2)
I (ordinary) 20 16 45 0.17
II SR (sulfate resistent) 43 19 197 0.33
. (15-25) (2-19) (13-120) (0.092-0.20)
White cement (10) 18+3 12+5 55 + 37 0.15 = 0.031
Brick (24) (6-42) (11-54) (108-583) (0.046-0.25)
bulk (10), block (14) 31+9 40 = 11 460 + 118 0.19 + 0.049
g (8-32) (8-24) (157-313) (0.061-0.15)
Concrete (8) (Manic et al. [10]) 18 + 8 14+6 251 + 53 0.11 + 0.032
] (12-36) (1-2) (90-148) (0.021-0.051)
Gas-concrete (2) o4 5 119 0.036
Stone (50)
marble (16), sandstone (5), (<1-162) (<1-128) (5-1282) (<0.01-0.61)
dolomite (3), granite (26) 23 = 30 22 =29 327 = 375 0.15 =+ 0.16

SD - standard deviation.
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Table 5 summarizes also the effective doses
corresponding to the materials of the same type
evaluated from:

(3) E [mSvy!'] =D [nGy-h']-f-8760 [hy!]
-E/K, [Sv-Gy!] x 10 [mSv-nGy ]

for indoor occupational factor f = 0.8 and coef-
ficients E/K, rounded to the unique value of
0.740 Sv-Gy! for all radionuclides.

In this relation, the absorbed dose, D, was calcu-
lated using the conversion factors qu, gm and gx in
Table 1, that is, distinguishing the structural materi-
als: brick, concrete, gas-concrete, gypsum and stone
only based on density and assuming their application
was only in the walls of a standard room. For all raw
materials and binders: sand, gravel, quartz sand,
clinker and cement, we assumed a 100% application
in the walls, floor and ceiling of the standard room
(concrete), while lime is treated as the component of
gypsum walls, with full utilization percentage of 50%.

The use of all these materials would lead to
additional doses that are below the reference level
of 1 mSv-y?, and would meet the dose criterion.
Still, for the quantification of the natural radia-
tion background in the room and estimation of the
exceeding of that level, the dose was calculated on
the assumption that the content of the radionuclides
in the walls is equal to their activity concentration
in the local terrestrial environment, figuratively, if
‘walls were made of the soil’. Using the averaged
results of measurements of the ground in Serbia [23,
24] and conversion factors for the standard room,
the effective dose from the background: E = 0.46
mSv-y~!, was obtained, close to the world average
level of indoor gamma irradiation [12]. Obviously,
in accordance with the low radionuclide content, all
of the investigated building materials additionally
tulfil the stricter condition for indoor utilization of
AE < 0.3 mSv-y! [14].

The combination of building materials; average
dose in the room

Based on the activity concentrations of the radionu-
clides in building materials, using the appropriate
conversion factors, that is, data from Table 2 and
formula (1), the indoor dose was estimated for sev-
eral common models of the room. The results for
the rooms whose walls were made from concrete,
brick or gas-concrete with floor and ceiling of con-
crete shown in Table 6, were obtained taking into
account the presence of the voids in 30% volume
of the blocks and assuming the mass fractions of
35:50:15% of sand, gravel and cement, respectively,
in concrete. The application of the 2-cm thick stone
as a covering material of the floor and half surface
of the walls was also considered.

In calculation of the average doses, the typical
room dimensions (thickness of the walls are 15 and
20 cm) were assumed and the usage weighting fac-
tors of 40, 50 and 10% for the models of concrete,
brick and gas-concrete, respectively, were taken into
account. Further, the occupational factor f for such
a ‘room’ was additionally weighted in percentage
ratio of 25:75 with regard to the application or no
of coverring of 50% surfaces of all walls (by stone).
Thus, the average absorbed dose of approximately
46 nGy-h! and effective dose of 0.24 mSv-y! were
estimated for the population in consideration, the
values which are in the range of lower indoor gamma
doses evaluated for EU countries [37].

The outdoor dose

For the assessment of the outdoor dose from terres-
trial radionuclides, the averaged results (Table 7) of
previous measurements [23, 24] of the radionuclide
content in the ground in Serbia were used and con-
version factors from Table 2 were applied. The ab-
sorbed dose of D = 51 nGy-h! was calculated, similar

Table 6. The range and the average value with standard deviation of absorbed dose, D [nGy-h™!], for the standard
room and for the room 4 x 5 x 2.8 m® with concrete floor (d = 20 cm) and ceiling (d = 15 cm), where the thickness
of opposite walls are d = 20 cm and d = 15 cm. The model utilization average absorbed dose and effective dose are

also presented

Model of the room

Absorbed dose, D [nGy-h™]
(range) average value with SD

Concrete

Brick Gas-concrete

Standard room dimensions
Uncovered walls
100% Covered walls

Typical room: walls 15 and 20 cm
Uncovered walls
50% Covered walls

(31-49) 40 = 4
(22-86) 46 = 14

(30-47) 38 = 4
(25-66) 41 * 10

(29-75) 58 * 9
(20-113) 60 = 14

(26-36) 30 + 1
(17-75) 38 + 14

(28-70) 54 = 6
(23-88) 56 = 11

(24-34) 29 + 1
(20-54) 33 + 10

Averaged according to the application of the covering (25%) and materials utilization
(concrete: brick : gas-concrete = 40:50:10%)

Absorbed dose, D [nGy-h™]
(range) average value with SD

Effective dose, E [mSv-y™']
(range) average value with SD

(27-62) 46 + 7

(0.14-0.32) 0.24 + 0.036

SD - standard deviation.
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Table 7. The ranges and the average values with standard deviation of activity concentration, A [Bq-kg™'], of radionu-
clides in outdoor building materials and ground, and corresponding effective doses E [mSv-y~!]

Effective dose, E

Activity concentration, A [Bq/kg]

w1l
Building material (range) [mSv-y™]
(number of samples) average value with SD (range)
average value
226Ra %2Th K with SD
(6-25) (<2-26) (29-585) (<0.01-0.039)
Asphalt (5) 17 +9 11 12 244 + 288 0.019 + 0.018
(3-45) (<2-54) (18-260) (<0.01-0.043)
Concrete (7) 13 + 15 13 + 18 129 + 80 0.015 + 0.014
Stone (9) (2-89) (1-128) (5-1143) (<0.01-0.11)
sandstone (3), granite (26) 29 =23 36 = 32 545 + 359 0.044 = 0.029
Ground 34 34 461 0.063

SD - standard deviation.

to the world population weighted average value of
outdoor gamma irradiation [12], whereas taking
the conversion coefficient (E/K,) of 0.7 Sv-Gy ™ and
f = 0.2 in formula (3), corresponding annual effec-
tive dose of E = 0.063 mSv-y' was evaluated [12].

The contribution to the exposure due to radiation
of building materials for outdoor usage was estimat-
ed based on the content of radionuclides measured
in asphalt, concrete and stone, and the conversion
factors calculated in this study for 6 cm of the layer
covering the soil (Table 2). The obtained results
presented in Table 7 are far below the reference level.

In assessment of the average outdoor dose from
the ground (Table 8), it was assumed that nearly
70% of the surfaces are covered in the percentage
relationship of 60:30:10 for the application of as-
phalt, concrete or stone, respectively. The absorbed
dose of 39 nGy-h~!was calculated, corresponding to
the effective dose of 0.047 mSv-y~*, the value which
is the lower range of the average dose worldwide
distribution [12]. However, the quotient between
the indoor and outdoor absorbed dose, 1.2, are close
to the world average value of 1.4.

Summary and conclusions

The activity concentrations of 28U, 2*2Th and “°K in
building materials that are used in Serbia (concrete:
18, 14, 251 Bqg-kg™; brick: 31, 40, 460 Bq-kg™) are
in general, lower than the average content of these
radionuclides in building materials in European
Union (concrete: 40, 30, 400 Bq-kg™; brick 50, 50,
670 Bq-kg™, for 28U, #2Th and *’K, respectively
[14]). The dose from all the materials are below the
reference level of 1 mSy, so, consequently, the excess

of this quantity with respect to the natural radiation
background meets the dose criterion.

According to the applications of the materials,
the population weighted average absorbed dose in-
door, 46 nGy-h™, is below the most of corresponding
values for the EU countries reported in [37], and is
also lower than the world averaged indoor dose of
84 nGy-h™. The outdoor dose (39 nGy-h™) arising
from radionuclides in the ground is below the global
population average of 59 nGy-h~!, but the quotient
between the indoor and outdoor dose in Serbia (1.2)
is near the worldwide average value of 1.4 [12].

To check the possibility of the application of
building materials, the gamma index (index of activ-
ity concentration) is a widely used approach. The
gamma index I is defined as:

_A(Ra) A(Th) AK)_,
300 200 3000

This is a simple criterion of the applicability of
a building material, whose derivation is based on
the dose criterion and the activity concentrations
in different materials [38], could be adopted in ac-
cordance with the type and utilization fraction of
the material. Namely, if a material was applied in a
small part of a whole construction, it follows that
the maximal radionuclide concentrations that com-
ply with the dose criterion of 1 mSv-y! are several
times higher than the values in the equation for the
gamma index. Nevertheless, due to such a limited
application of the material, the gamma index should
be weighted by actual volume fraction of the used
material.

However, a mass fraction of a building material
(with respect to the standard room), determined by
its density, could change the expression for I through

(4) I

Table 8. The averaged absorbed dose D and effective dose E due to the radiation of the ground (d = 100 cm) with

covering layer (d = 6 cm) (averaged)

Absorbed dose, D [nGy-h™]

Effective dose, E [mSv-y™]

Geometry (range) (range)
average value with SD average value with SD
Ground (d = 100 cm) + covering (30-55) (0.036-0.067)
layer (d = 6 cm) (averaged) 39+7 0.047 = 0.008

SD - standard deviation.
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corresponding differences in the conversion factors:
for the materials with lower density, the permissible
activity concentrations are proportionally higher.
So, in accordance with the density of the building
materials, values of I could be roughly divided into
at least two ranges of values: for densities of up to
2 g-cm™ (gas-concrete, brick) I = 2, and for these
greater than 2 g-cm™ (concrete, stone) I = 1, with
unchanged expression for I of given EC [14] form.
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