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Building materials belongs to the sources causing direct radiation exposure, therefore the natural
radionuclide content of building materials is necessary to be still discussed over the world. Cements cause
direct radiation exposure because of their radium (226Ra), thorium (232Th) and potassium (4°K) content. Like
other construction materials, the natural level of radioactivity in cement gives rise to external and internal
indoor exposure.

This work is focused on the assessment of natural radioactivity of cements commonly used in the Slovak
Republic. The cement samples of CEM |, CEM II, CEM lIl and CEM V types from the significant Slovak
cement producers were analyzed in the experiment. The samples were tested for the radionuclides
content by using gamma spectroscopic measurements. The radionuclides activity in the Portland cements
ranged from 5.8 — 21.6 Bq kg™, 16.0 — 38.23 Bq kg™ and 52.0 — 733.6 Bq kg™ for **Ra, #*?Th and “’K,
respectively. The measured radionuclides content was compared to the specific requirements in relation to
the Slovak eco-labelling process. The index of mass activity of natural radionuclides (gamma index) in
cements was calculated in the range from 0.122 — 0.484.

1. Introduction

All building raw materials and products derived from rock and soil contain various amounts of mainly
natural radionuclides of the uranium (**®U) and thorium (***Th) series, and the radioactive isotope of
potassium (4°K) (Turhan, 2008). It has long been known that some construction materials are naturally
more radioactive than others. The natural level of radioactivity in construction materials, even of low-level
activity, gives rise to external and internal indoor exposure (Paulikova and Kopil¢akova, 2009). The
external radiation exposure is caused by gamma radiation originating from members of the uranium and
thorium decay chains and from 40 potassium however, the internal radiation exposure, mainly affecting the
respiratory tract, is due to the short-lived daughter products of radon which are exhaled from construction
materials into room air (Khan and Khan, 2001). Thus, the knowledge of radioactivity in building materials is
important to estimate the radiological hazards on human health (El-Taher et al., 2010). The most important
naturally occurring radionuclides present in cements are 226 radium, 232 thorium and 40 potassium as
mentioned above (Damla et al., 2010).

The distribution of natural radionuclides in building materials samples under investigation is not uniform.
Therefore, a common radiological index has been introduced to represent the specific radioactivity level of
Ra, #2Th and *°K by a common index, which takes into account the radiation hazards associated with
them. This index is usually known as radium equivalent (Raeq) activity (Beretka and Mathew, 1985):

Raeq=Ara+1.43A7,+0.077A¢ (1)

where Ara, At and Ak are the specific activities of ?°Ra, 2**Th, and “°K, respectively in Bq kg™. In the
definition of Raeg, it is assumed that 10 Bq kg'1of 2%Ra, 7 Bq kg'1 of *2Th and 130 Bq kg'1 of °K produce
equal gamma-ray dose rate (Beretka and Mathew, 1985).

In order to assess whether the safety requirements for building materials are being fulfilled, a gamma
index lyis calculated as proposed by the European Commission (EC, 1999):
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Ara , Ath . Ak
=4 — 4+ —
Y 300 200 3000 (2)

where Ara, Ath and Ak are the specific activities of 2Ra, 22Th, and *K, respectively in Bq kg'1. ly<1

corresponds to an absorbed gamma dose rate less or equal to 1 mSv y'1, while /< 0.5 corresponds to a
dose rate less or equal to 0.3 mSv y'1.

There are many types of cements according to the chemical composition and hydraulic properties for each
one. The contents of ?°Ra, ?*?Th and *“°K in cements materials can vary considerably depending on their
geological source and geochemical characteristics. This work is focused on the assessment of natural
radioactivity of cements produced and commonly used in the Slovak Republic.

2. Materials and methods

The natural radioactivity was measured in 11 samples of 4 cement types (CEM | — Ill, CEM V) produced in
the Slovak Republic. The characterisation of the assessed cement samples is presented in Table 1.

The basic chemical composition of tested cements was investigated by X-ray fluorescence analysis using
SPECTRO iQ Il (Ametek, Germany) with silicon drift detector SDD with resolution of 145 eV at 10,000
pulses. The primary beam was polarized by Bragg crystal and Highly Ordered Pyrolytic Graphite - HOPG
target. The samples were measured during 300 s at voltage 25 kV and 50 kV respectively, at current of 0.5
and 1.0 mA under helium atmosphere by using the standardised method of fundamental parameters for
cement pellets. The cement samples were prepared as pressed tablets with diameter of 32 mm by mixing
of 5 g of cement and 1 g of dilution material (M-HWC) and pressed at pressure of 10 tons.

Measurement of radioactivity was carried out using a detection system EMS-1A SH (Empos) with a
multichannel analyzer MC4K with optimized resolutions of 818 V, 4,096 channel and with 0.9 cm of lead
shielding and internal lining of 2 mm tinned copper.

The samples in powder form having mass of 0.53 + 0.06 kg were prepared in the Marinelli containers with
size of 450 mL. Thus prepared samples in containers were sealed hermetically and stored for more than
40 days to achieve the secular equilibrium between *Ra and its short-lived daughters before gamma
spectrometry measurements. The spectra were first measured with empty containers (blank sample) and
then with containers filled with weighed amounts of sample.

The background of the detection system plays a vital role in the measurement of low-level activity as
typically found in construction materials. The counting system must have a background as low as
attainable with a minimum number of spectral lines originating from natural radionuclides which may be
present in the system components and in the surrounding environment of the counting facility. In the
presented study, routine measurements of the background count rates for natural radionuclides were
carried out before each set of measurements, each for a counting time of 43,200 s (i.e. 12 h). The
emphasis was on the determination of specific activity concentration of 2%Ra, ??Th and *°K. The
radioactivity of “K was measured directly through its gamma ray energy peak at 1,460.8 keV, while
activities of Ra and **Th were calculated based on the mean value of their respective decay products.
Activity of ?Ra was measured using the 351.9 keV gamma rays from 21Pp and the activity of 22Th was
measured using the 238.6 keV gamma rays of 2?pPp. Every sample of cement was measured for 18,000 s.

Table 1: The characteristics of tested cement samples in accordance to STN EN (2002)

Sample Cement type Composition

1 CEM I Portland cement clinker without no other single constituents
2 CEM I Portland cement clinker without no other single constituents
3 CEM II/A-S Portland slag cement from 6 to 20 % of slag

4 CEM II/B-S Portland slag cement from 21 to 35 % of slag

5 CEM III/A  Blastfurnace cement from 36 to 65 % of slag

6 CEM V/A  Composite cement more than 35 % of blastfurnace slag, puzzolana or flyash
7 CEM I Portland cement clinker without no other single constituents
8 CEM II/A-LL Portland limestone cement from 6 to 20 % of limestone

9 CEM II/B-M Portland composite cement contains slag and limestone

10 CEM II/B-S Portland slag cement from 21 to 35 % of slag

11 CEM III/A  Blastfurnace cement from 36 to 65 % of slag
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3. Results and discussions

The percentage of basic components of tested cement samples measured by XRF spectroscopy is shown
in Table 2.

Table 2: The basic chemical composition of studied cements

Oxides Sample

(%) 1 2 3 4 5 6 7 8 9 10 11
MgO 2.14 3.82 4.23 5.87 6.23 3.75 1.54 2.05 2.18 2.81 4.95
ALO;  3.91 4.39 4.31 5.57 5.44 9.57 4.06 4.77 4.54 4.51 5.58
SiO2 19.8 19.7 20.9 26.4 28.8 37.9 17.8 19.2 18.9 20.6 271
SO3 3.13 3.17 3.08 2.85 2.72 2.58 3.25 3.17 3.19 3.10 2.86
K20 0.49 0.58 0.53 0.55 0.53 1.00 1.15 1.09 1.04 0.94 0.80
CaO 63.6 58.2 55.9 53.1 48.4 40.1 54.2 58.2 52.8 51.9 50.0
TiO2 0.23 0.21 0.22 0.26 0.24 0.32 0.21 0.22 0.22 0.22 0.24
MnO  0.33 0.35 0.36 0.38 0.38 0.35 0.33 0.33 0.33 0.33 0.34
Fe.O; 2.73 3.25 2.64 2.50 1.71 5.21 2.63 2.70 2.40 2.21 1.75

The chemical composition of the investigated cement samples correlate to the standard chemical
composition of particular cement types (Lam et al., 2010). The percentage of the oxides depends on both
raw materials and constituents.

The specific activity values due to 0K, *Ra and #*?Th and their sum for measured samples of cement
have been summarised in Table 3. The table shows that the specific activity due to K is the largest
contributor to the total activity for all the cement samples.

The average concentrations of the radionuclides measured in the cements were 269.24, 12.59 and 25.03
Bq kg™ for “°K, **Ra and #*?Th, respectively. Analysing the results, the lowest radionuclide activity of “°K
was measured in sample 1 of CEM | Portland cement (51.982 Bq kg'1), while the highest value for the
same radionuclide reached 733.66 Bq kg'1 measured in sample 6 (CEM V/A — Composite cement). Ra
lowest value was 5.795 Bq kg'1 measured in sample 1 (CEM | — Portland cement) and the highest value
was 21.57 Bq kg™ in sample 11 (CEM Ill/A — Blastfurnace cement).The highest activity value for ***Th
(38.23 Bq kg'1) was found in sample 6 (CEM V/A — Composite cement) and the lowest radionuclide activity
(15.98 Bq kg™") in sample 9 (CEM II/B-M — Portland composite cement). The average concentrations for all
three radionuclides in Portland cements were 149.9 Bq kg™, 9.39 Bq kg™ and 18.3 Bq kg™ for “°K, **Ra
and %*Th, respectively. The contents of K, #°Ra and ?*?Th in tested cements depend on the raw
materials and probably vary considerably in relation to the various geological source and geochemical
characteristics.

The specific activity of K, ?*Ra and #*’Th determined in the presented study for Portland cements has
also been compared with the values reported for Portland cements in other countries (Table 4). The
measured activities due to all three radionuclides in Portland cements in Slovakia have been found to be
comparable with those reported abroad.

Table 3: The average activity concentration of “°K, ?®°Ra and ***Th for the assessed samples
Sample K ““Ra ““Th Total
(Bakg") (Bakg") (Bakg") (Bakg”)

1 51.982 5.795 16.98 74.757
2 169.32 13.08 19.84 202.24
3 314.56 10.83 32.80 358.19
4 460.33 12.38 34.23 506.94
5 417.08 16.68 37.47 471.23
6 733.66 14.61 38.23 786.50
7 228.32 9.286 18.15 255.76
8 178.89 8.186 18.65 205.73
9 145.95 12.12 15.98 174.05
10 150.24 13.95 20.08 184.27
11 111.29 21.57 22.94 155.80
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Table 4: Comparison the radionuclides activity of Portland cements

Country K ““Ra “*Th Reference

(Bakg') (Bakg') (Bakg')
Australia 114.7 51.8 481 Beretka and Mathew (1985)
Austria 210.0 26.7 14.2 Sorantin and Steger (1984)
Bangladesh 1133 61.0 80.0 Roy et al. (2005)
Brazil 564.0 61.7 58.5 Malanca et al. (1993)
China 173.0 57.0 37.0 Xinwei (2005)
Egypt 93.00 35.0 19.0 El-Bahi (2004)
Finland 251.0 40.2 19.9 Mustonen (1984)
Greece 310.0 92.0 31.0 Stoulos et al. (2003)
Italy 316.0 46.0 42.0 Sciocchetti et al. (1984)
Japan 139.0 36.0 21.0 Suzuki et al. (2000)
Malaysia 203.5 81.4 59.2 Chong and Ahmed (1982)
Netherlands 230.0 27.0 19.0 Ackers et al. (1985)
Norway 259.0 29.6 18.5 Stranden and Berteiz (1980)
Pakistan 272.9 26.1 28.7 Khan and Khan (2001)
Turkey 267.0 41.0 26.0 Turhan (2008)
Slovakia 149.9 9.39 18.3 Presented study

The range of radium equivalent activities Raeq was calculated for all assessed samples from 34.05 —
125.66 Bq kg'. From the results it can be noticed that the lowest value of Raeq (34.05 Bq kg™') was
calculated for sample 1 (CEM | — Portland cement), while the highest value of 125.66 Bq kg~ was
calculated for sample 6 (CEM V/A — Composite cement).

The high Raeq values calculated for sample 5 (CEM IlII/A — Blastfurnace cement) and sample 6 (CEM V/A —
Composite cement) can be rendered to the high concentration of the three radionuclides 4K, #°Ra and
%2Th in these materials as shown in Table 3. Comparing the results, it is evident that there are
considerable variations in the Raeq of the different cement types and also within the same type of cement
originating from different areas. This fact is important from the point of view of selecting suitable cement for
use in building and construction especially concerning those which have large variations in their activities.
Large variation in radium equivalent activities may suggest that it is advisable to monitor the radioactivity
levels of cements from a new source before adopting it for use as a building material. The maximum value
of Raeq in building raw materials and products must be less than 370 Bq kg'1 for safe use, i.e., to keep the
external dose below 1.5 mSv y'1 (UNSCEAR, 2000). Radium equivalent activities calculated for all
assessed samples were less than 370 Bq kg'1 that means safe using these cements as building material.
Radium equivalent activities calculated for the assessed cement samples are illustrated in Figure 1.
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Figure 1: Radium equivalent activity Raeq in (Bq kg” + 10) for the tested cement samples
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Gamma-index ly

Figure 2: Gamma-index lyin assessed samples

The mean values of index of natural radionuclides mass activity (gamma index) /y calculated from the
measured activity concentration of *Ra, **Th and “K are presented in Figure 2 for different cement
types. The mean calculated values of /yfor the studied samples values varied in the range between 0.122
— 0.484. The lowest value of /y was 0.122 calculated for sample 1 (CEM | — Portland cement) and the
highest one was 0.484 calculated for sample 6 (CEM V/A — Composite cement). The gamma index should
also take into account typical ways and amounts in which the material is used in a building. The limit
values depend on the dose criteria, the way and amount of the material and the manner in which it was
used in a building and construction. For material used in bulk amounts /y< 1 corresponds to an absorbed
gamma dose rate of 1 mSv y'1 (EC, 1999). The gamma index calculated for all assessed samples was less
than gamma index limit.

4. Conclusion

The specific activity of K, #*Ra and #*Th, the radium equivalent activity and gamma index were
evaluated in cement samples to assess the potential radiological hazard associated with the building
materials. Such data are of value in determining the radioactivity content of the buildings and the possible
radiological risks associated with these structures. The variations and the large spread in the data
measured are a reflection of the different geological origins of the raw materials.

The results of the presented study showed the activity concentrations of K, *®Ra and ®*Th in all samples
are in the range of limit values. The average Raeq values of the studied samples range from 34.05 —
125.66 Bq kg'1, which are below the internationally accepted values (370 Bq kg'1). The calculated total
annual effective dose of all cement samples was lower than 1 mSv y'1. The study shows the analysed
cements do not pose any significant source of radiation hazard and are safe for use in the construction of
dwellings.
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