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Abstract – A study was undertaken to evaluate the radiation doses arising from a dwelling built using fly ash as
one of the components of the concrete in different proportions. The radioactivity contents of the fly ash samples were
determined and doses to occupants were calculated assuming different scenarios. The internal dose in an office and
home were in the range of 0.028 to 0.049 mSv year−1 and 0.099 to 0.17 mSv year−1, respectively. The external doses
ranged between 0.046 and 0.21 mSv year−1 in the office and 0.1 and 0.69 mSv year−1 in the home. The cumulative
dose from the use of fly ash as a building material ranged from 0.074 to 0.26 mSv year−1 in the office and 0.2 to
0.86 mSv year−1 in the home.
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1 Introduction

All building materials contain naturally occurring radionu-
clides, mainly from the uranium and thorium decay series.
The use of such materials containing naturally occurring ra-
dionuclides for house construction may enhance the natural
radiation background to which some population groups are
exposed. Living in a house built with materials containing nat-
urally occurring radionuclides in excess could be one of the
causes of radiation exposure. Radionuclides in building ma-
terials of dwellings are sources of both external and internal
exposure to the occupants. External exposure is caused by
gamma rays from radionuclides such as 40K, 226Ra (238U decay
series) and 232Th decay series radionuclides, while the internal
exposure is mainly caused by alpha particles due to inhala-
tion of radioactive inert gases such as radon and its short-lived
products, which emanate from the building material and are
deposited on the respiratory tract tissues (UNSCEAR, 2000).
Naturally occurring radon isotopes contribute more than 50%
of the radiation dose received by individuals from natural
radiation sources, and they are known as the second lead-
ing cause of lung cancer after tobacco smoking (UNSCEAR,
2000; WHO, 2009).

The natural isotopes of radon, 222Rn and 220Rn, are mem-
bers of the 238U and 232Th decay series, respectively. They em-
anate through the pores of grains of the concrete and then mi-
grate from the building materials into the atmosphere, before
undergoing radioactive decay. This exhalation process plays
an important role in outdoor and indoor radon concentrations
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(Hassan et al., 2010). While 222Rn (T1/2 = 3.82 d) can migrate
a significant distance, 220Rn (T1/2 = 56 s) levels are extremely
dependent on the distance from the source. Exposure to 220Rn
can be significant only in closed dwellings or near wall po-
sitions. So, basements, beds positioned close to the wall in a
corner position, or sleeping facilities directly on the ground
are more prone to 220Rn exposure (Steinhäusler, 1996; Veiga
et al., 2006). The monitoring of radiation doses arising due to
the use of such materials is thus very important. Provided that
the activity concentrations of the radionuclides in these mate-
rials are known, the absorbed dose and inhalation dose in air
inside a room can be calculated. Mathematical models can be
used to predict external and internal dose rates inside a room,
provided the compartment geometry and the radionuclide con-
centration activities are known (Máduar and Hiromoto, 2004;
de Jong and van Dijk, 2008; Krieger, 1981; Righi and Bruzzi,
2006).

For the estimation of radiological hazards to human health
due to natural radioactivity in building materials, several meth-
ods have been developed in the past. For external gamma
dose rate calculations, mathematical models were adapted to
estimate conversion factors (nGy h−1 per Bq kg−1) for the
most common exposure geometries and radionuclide distribu-
tions. These conversion factors are very useful to predict ex-
posure due to natural radionuclides (UNSCEAR, 1993; WHO,
2009). Indoor exposure due to natural radionuclides in build-
ing materials can also be calculated using mathematical mod-
els that consider geometry variation according to the build-
ing design and building material (Stranden, 1979; Koblinger,
1984; Markkanen, 1995). Assessments of the radiation hazard
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to the lung and respiratory tract due to the radioactive in-
ert gas radon, however, requires additional parameters, be-
cause the radon concentration in dwellings depends on mate-
rial properties such as density, porosity and thickness, as well
as on the environmental conditions, such as relative humidity,
temperature, air-flow direction and frequency of air changes
(UNSCEAR, 1982, 1988; Rizzo et al., 2001; Anjos et al.,
2010; Da Silva et al., 2011).

Coal-fired thermal power plants all over the world produce
enormously huge amounts of fly ash as a byproduct. The dis-
posal of this huge amount of ash is a problem both from the
environmental as well as economic point of view. Thus, dif-
ferent ways are being discovered for utilization of this fly ash
for different purposes. In this regard, nowadays, due to its ce-
mentitious properties, the use of fly ash in building materials
is increasing worldwide. The use of this fly ash, which con-
tains elevated levels of natural radioactivity, could lead to ra-
diation exposure to the public from the buildings where it is
used. It is thus necessary to estimate the dose due to the use
of fly ash in construction materials in order to assess the risk
to occupants of such buildings. This paper presents a method-
ology for theoretical evaluation of indoor external gamma and
internal radon doses in the air of a hypothetical room made of
construction material incorporating fly ash as one of the con-
crete components. Doses were evaluated taking into account
different variations in the construction material and the type
of the dwelling. Calculations were performed for observed ra-
dioactivities of 40K, 226Ra and 232Th in fly ash samples from
different coal-fired thermal power plants.

2 Materials and methods

2.1 Sample collection and preparation

Fly ash samples were collected from 6 different thermal
power plants across India on 5 different days (once a week)
over a period of one month. The samples were collected from
the hoppers of the electrostatic precipitators. The efficiency of
the electrostatic precipitators was as high as 99% in all the
plants. The gross samples were further milled, and split care-
fully in accordance with ISO recommendations to obtain a
representative subsample for further analysis (Bhangare et al.,
2014).

The samples were dried for 24 h in an air-circulation oven
at 110 ◦C, powdered, homogenized, and about 100 g of each
sample were placed in plastic containers which were sealed
to make them airtight for 1 month to ascertain establishment
of secular equilibrium between 226Ra and 228Th and their
daughters and to prevent radon loss. After attainment of sec-
ular equilibrium, the samples were subjected to gamma-ray
spectrometric analysis.

2.2 Gamma spectrometric analysis

A gamma-spectrometry system with n-type coaxial HPGe
detector (DSG, Germany) shielded with 7.5-cm-thick lead
with 50% relative efficiency and a resolution of 2.1 keV at

1.33 MeV gamma energy of 60Co was used. The gamma spec-
tra acquired for 60 000 s were analyzed using an 8K PC-based
multichannel analyzer (PHAST, Electronics Division, BARC).

2.3 Quality control and quality assurance

For gamma spectrometry, energy calibration of the system
was done initially with 241Am, 137Cs and 60Co as a mixed
radionuclide point source. Also, the source was counted for
2000 seconds to check energy calibration between the sample
measurements. For quality assurance, the IAEA standard ref-
erence materials (a standard soil of known radioactivity, Soil-
6, a uranium ore sample, RGU1, and a thorium ore sample,
RGTh1) were also used for checking the efficiency calibration
of the system.

2.4 Internal and external doses

To assess the radiological hazard of fly ash and bottom
ash used as building materials, the radium equivalent activity
(Raeq) is used. Raeq can be calculated as

Raeq = ARa + 1.43ATh + 0.077AK (1)

where ARa, ATh and AK are the activity concentrations of 226Ra,
232Th and 40K in Bq kg−1, respectively. Raeq is related to the
external γ-dose and internal dose due to radon and its daugh-
ters. The maximum value of Raeq in building materials must be
less than 370 Bq kg−1, as recommended by UNSCEAR (1988).

In order to calculate the radon production rate of a concrete
sample, the radium specific activity of all concrete constituents
must be known. In this study, the radium specific activity of the
concrete constituent fly ash was determined from experimen-
tal data, whereas for cement, it was taken from the literature.
Each constituent’s radium specific activity was multiplied by
the constituent’s weight percent and each term was summed to
create a concrete mixture’s specific activity according to ACI
guidelines (ACI, 2009), as shown in the following equation:

Q = XRaFA + YRaC (Bq kg−1) (2)

where Q is the radium specific activity (Bq kg−1) of the con-
crete mixture, and RaFA and RaC are the radium specific ac-
tivities of the constituents fly ash and cement, respectively. X
and Y represent the quantity of fly ash and cement, respec-
tively. Other constituents of the concrete were not taken into
consideration in this study in order to estimate the dose from
maximum fly ash use conditions. Four concrete mixtures were
taken by varying the amount of fly ash, X, in the concrete as
follows: (i) low fly ash (25 wt% of the concrete), (ii) half fly
ash (50 wt%), (iii) high fly ash (75 wt%) and (iv) total fly ash
(100%). The specific activity of water, which comprises 5 wt%
of the concrete, was considered negligible for this analysis.

For estimation of the dose in a closed room, a hypotheti-
cal dwelling was considered. The dwelling was geometrically
defined as a single room consisting of a set of three pairs of
rectangular slabs of finite thickness. The dimensions of the hy-
pothetical room were 4 m × 5 m × 2.8 m. Doors and windows
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were not considered in the present study. The dose conversion
factors in nGy h−1 per Bq kg−1 for the radionuclides 226Ra,
232Th and 40K were taken from (Máduar and Hiromoto, 2004)
as 0.7, 0.92 and 0.072, respectively. The external dose was es-
timated using a simple linear function given by

D =
∑

Qi Ci (3)

where D is the absorbed dose rate in air (Gy s−1), Qi is the
dose conversion factor for the radionuclide of the decay series
i (Gy s−1 per Bq kg−1), and Ci is the activity concentration of
the radionuclide of the decay series i (Bq kg−1). The dose to
the occupant of the room also depends upon the time spent by
him/her in the room. The external dose can thus be given by

External Dose = Dose Rate × Exposure Time. (4)

The occupants of the room are also subjected to internal ex-
posure due to diffusion of radionuclides in the room air from
the wall surfaces. The internal dose is received mainly due to
radon emanation in the air from the building material. In order
to calculate the radon production rate of a concrete sample,
the radium specific activity of all concrete constituents must
be known. Once the radium specific activity (Q) is known, the
radon exhalation rate is given by (ACI, 2009) as

Jf = Qηρ f lo tan h(d/lo) (Bq m−2 s−1) (5)

where Jf is the radon exhalation rate from the building element
(Bq m−2 s−1), η is the decay constant of radon (2.1× 10−6 s−1),
ρ is the density of the concrete (assumed to be 2500 kg m−3),
f is the radon emanation fraction or the amount of radon re-
leased from the grain to pore space relative to the total radium
content in the particle, lo is the diffusion length in the concrete
and d is the half-thickness of the building element. The emana-
tion fraction and diffusion length were taken as 5% and 0.2 m,
respectively (Siotis and Wrixon, 1984). The literature shows
various emanation fractions that range from 1%–25% (Kovler,
2012; Taylor-Lange et al., 2014). However, the value of 5% is
most cited, hence this value was used in this study. The indoor
radon concentration and associated alpha exposures are thus
given by

Css = Jf A/λV (Bq m−3) (6)

where Css is the steady-state indoor radon concentration, λ
is the air exchange rate in s−1, A is the concrete surface area
in m2 and V is the volume of the home in m3. The assump-
tions for this dose calculation include: (i) steady-state con-
ditions, (ii) limited removal of radon and daughter products,
due to the attachment of indoor aerosols, and (iii) limited in-
terference with radon emission due to floor and wall cover-
ings. These assumptions are consistent with those made by
(Nazaroff and Nero, 1988). Additionally, only airborne con-
centrations of radon were considered; the formation and fate
of daughter isotopes were disregarded in this study. The air
exchange rate was taken as 1.5 h−1 (Murray and Burmaster,
1995). In addition, variations due to the concrete surface treat-
ment, temperature, building moisture and air pressure gradi-
ents were considered negligible. The internal dose is given as

Internal Dose = Css × IR × DCF × IOF (7)

where IR = Inhalation rate (1.2 m3 h−1), DCF = Dose con-
version factor and IOF = Indoor occupancy factor (0.8). The
other values used for calculations of the doses are shown in
Table 1. Here, the internal dose is not considered as a lifetime
committed dose; rather, it is expressed as the annual equivalent
dose.

3 Results and discussion

3.1 Radioactivity in fly ash

All the fly ash samples showed detectable amounts of
radionuclides in them. The gamma spectrometrically deter-
mined activity concentrations of fly ashes from different ther-
mal power plants along with their calculated radium equiva-
lent activities (Raeq) are shown in Table 2. The fly ash from
plant 2 showed the highest activity concentrations for all the
radionuclides, which were 83.1–115.2, 94.3–142.6 and 172.3–
223.6 Bq kg−1 for 226Ra, 232Th and 40K, respectively. The fly
ash from plant 1 showed the minimum total activity. The Raeq
values for fly ashes from all the plants varied between 93.1 and
299.9 Bq kg−1. It is noteworthy that none of the Raeq values of
the samples exceeded the prescribed limit of 370 Bq kg−1. Ex-
cept for plant 2’s and plant 6’s ashes, the Raeq values were
below 200 Bq kg−1 in the samples from the rest of the plants.

3.2 Dependence of the dose on the percentage
of fly ash

Normally, fly ash is not used as the single component of
the concrete. It forms a part of the concrete as a replacement
for other components. The percentage of fly ash could be any-
thing between 0 and 100% of the concrete. Thus, to evaluate
the doses from the use of different proportions of fly ash in the
building material, four different percentages of the ash were
taken into consideration. The doses were calculated for both
office and home scenarios. Table 3 shows the average (average
of all 6 plants) doses due to varying amounts of fly ash as a
building material. It was assumed that the building materials
were different combinations of fly ash and cement (i.e. % fly
ash +% cement = 100) only. The activity concentration of the
remaining percentage of cement in the concrete was taken as
50 Bq kg−1, as suggested by UNSCEAR (1982). It can be ob-
served that the dose increases with the increase in the percent-
age of fly ash. In general practice, the maximum ratio of fly ash
and cement used in concrete is 50–50%. The external and in-
ternal doses in an office and home for a scenario utilizing 50%
fly ash were 0.057 and 0.138, and 0.056 and 0.198 mSv year−1,
respectively.

3.3 Dose to the room occupants

The internal and external doses to the occupants in the hy-
pothetical room were calculated considering two scenarios, i.e.
an office scenario and a home scenario. The exposure time in
the office was taken to be 8 hours a day and 5 days a week,
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Table 1. The parameter values used in calculating the external dose.

Dimensions of the room 4 m × 5 m × 2.8 m
Thickness and density of the structure 20 cm, 2350 kg m−3 (concrete)
Annual exposure time 7000 hrs (Home)

2000 hrs (Office)
Dose conversion factor 0.7 Sv Gy−1

Background radiation level 50 nGy h−1

Dose conversion factors (specific dose rates) 226Ra 232Th 40K
nGy h−1 per Bq kg−1 0.7 0.92 0.072

Table 2. Activity concentrations of the radionuclides in fly ash.

Fly ash 226Ra (Bq kg−1) 232Th (Bq kg−1) 40K (Bq kg−1) Average Raeq

(Bq kg−1)
Plant 1 48.3–71.1 34.3–54.2 38.4–60.1 93.1
Plant 2 83.1–115.2 94.3–142.6 172.3–223.6 299.9
Plant 3 62.3–93.4 33.6–51.4 36.3–56.7 139.8
Plant 4 73.2–107.5 29.7–44.3 72.1–96.3 148.9
Plant 5 50.7–72.6 72.4–101.5 61.4–82.4 189.7
Plant 6 71.5–96.3 98.4–138.7 105.4–156.7 261.8

Table 3. Dose with varying percentage of fly ash.

Assumed %age of fly ash* Internal dose (mSv/year) External dose (mSv/year)
Office Home Office Home

25% fly ash 0.04 0.14 0.028 0.039
50% fly ash 0.056 0.198 0.057 0.138
75% fly ash 0.073 0.257 0.085 0.238
100% fly ash 0.09 0.316 0.114 0.338

* Remaining % age is the cement.

whereas for the home the exposure time was considered to be
a whole year with an occupancy factor of 0.8. The estimated
yearly internal dose to the occupants of the room due to the
use of 100% fly ash (extreme conditions) as the construction
material of the room is shown in Figure 1.

The internal dose in the office varied from 0.05 to
0.14 mSv year−1, while in the home it varied between 0.19 and
0.49 mSv year−1 for different fly ashes. As expected, the maxi-
mum internal doses were observed for fly ash from plant 2 and
plant 6.

The estimated yearly external doses due to the use of 100%
fly ash from different plants as the construction material for the
hypothetical room are shown in Figure 2. The external doses
ranged between 0.046 and 0.21 mSv year−1 in the office and
0.1 and 0.69 mSv year−1 in the home. The maximum exter-
nal doses were observed for fly ash from plant 2 and plant
6. The cumulative dose (i.e. internal + external) from the use
of 100% fly ash as the building material ranged from 0.1 to
0.3 mSv year−1 in the office and 0.3 to 0.9 mSv year−1 in the
home. None of the doses exceeded the value of 1 mSv year−1.

3.4 Dose dependence on particle size

To study the dependence of the dose on particle size, the
fly ash from plant one was segregated into different size frac-
tions (2 μm, 4 μm, 6 μm and 18 μm) using a magnetic sieve
shaker, and these fractions were further analyzed for their ac-

tivity determination (Sahu et al., 2014). The dose from differ-
ent size fractions was calculated considering the use of 50%
fly ash in the cement. The results are shown in Figure 3. It
was observed that the dose increased with the decrease in par-
ticle size of the fly ash. It can be seen that the increase in the
dose from total fly ash to the finest fraction was about 130%
in the office and about 140 % in the home. This is obvious, as
the concentration of elements in fly ash depends largely on the
size fractions of the escaping fly ash (Bhangare et al., 2011),
and also radon emanation can be dependent on particle size
(Sakoda et al. 2010). The decrease in particle size increases
the surface area per unit mass, thus offering more surface for
the radionuclides to become adsorbed. Thus, a higher activity
concentration is found in finer size fractions of the fly ash.

4 Conclusion

The presence of naturally occurring radionuclides in fly
ash can result in exposure of the people occupying buildings
built with fly ash as one of the constituents of the construc-
tion material. The doses were calculated from activity concen-
trations of fly ash samples collected from 6 different power
plants. It was observed that none of the Raeq values of the sam-
ples exceeded the prescribed limit of 370 Bq kg−1. The cu-
mulative dose from the use of fly ash as a building material
ranged from 0.1 to 0.3 mSv year−1 in the office and 0.3 to
0.9 mSv year−1 in the home. None of the doses exceeded the
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Figure 1. Yearly internal dose to the occupants due to the use of fly ash as a construction material.

Figure 2. Yearly external dose to the occupants due to the use of fly ash as a construction material.

Figure 3. Dependence of the dose on the particle size of the fly ash.
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value of 1 mSv year−1. The study on the effect of the ash per-
centage on the dose showed that the dose increases with an
increasing percentage of ash in the concrete. Also, it was ob-
served that a fine fraction of the fly ash particles contributes
more toward the total dose than a coarse fraction. The doses
determined for the hypothetical room in this study, though
small, are important to monitor because of the stochastic health
effects associated with radioactivity.
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