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Abstract: It has been analyzed in this article the radioactivity concentrations of 226Rga, 232Th, 40K
and radiological hazard parameters in different types of cements commonly used in Poland and
available on the Polish market. The radiological hazard parameters are, in particular, absorbed
gamma dose rate, annual effective dose, radium equivalent activity, the external hazard index, and
the gamma and alpha indices. The radionuclide activities of the most important radionuclides
226Ra, 232Th, 4K have been determined by gamma-ray spectrometry with the use of two kinds of
spectrometers of different operational parameters. One performed also measurements on 30-day
and 45-day aged samples as to verify if there is a statistically significant difference in radioactivity
concentration for shorter and longer aging time. The radioactivity concentrations in the cement
samples ranged from 21.7-75.7 Bq-kg ! for 22°Ra, 12.3-47.3 Bq-kg ! for 232Th to 123-430 Bq-kg !
for 0K. The radiological parameters in cement samples were calculated as follows: mean radium
equivalent activity Rae; = 127 Bq-kg_l, mean absorbed gamma dose rate D = 115 nGy~h_1, mean
annual effective dose E = 570 p.SV-y‘l, external hazard index H,, = 0.32, internal hazard index
Hj, = 0.51, mean activity concentration index I, = 0.47 and mean alpha index I, = 0.28. The results
were compared with the reported data from other countries and the international standard values
given by European Commission (EC) and United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR 2000). Finally, thorough statistical analysis has been performed.

Keywords: cement; natural radioactivity; radiation hazard parameters; statistical analysis

1. Introduction

Natural radiation background is an inherent element of life on Earth. Its sources
comprise cosmic radiation and Earth radiation. The biggest contributions to the natural
Earth radiation background in the human environment are radioactive decays occurring in
soils (one can estimate that gamma radiation reaches the surface from soils mainly as it has
the greatest penetration), as well as radon produced in the lithosphere through the alpha
decay of Ra-226, and penetrating through the fissures to the earth’s surface. Therefore, these
contributions are made by such elements, as potassium (*°K), thorium (?*’Th) and uranium
(*®U) and its decay products, such as radium (*?°Ra) and radon (**?*Rn) [1,2]. Inside
buildings, an additional source of the natural background ionizing radiation comprises
natural radioactive elements—radium, thorium and potassium, present in construction
elements obtained from minerals, as well as ash and slag additives to cements.

Many materials from all over the world contain various amounts of naturally occurring
radioactive isotopes, and these include also building materials, which ingredients are rocks,
minerals, sand, ash etc. In addition, the earth’s crust, air, water and food contain the
radioactive isotopes; this is why they all are called naturally occurring radioactive materials
(NORM). The main radionuclides in NORMs are the long-lived isotopes from the three
natural radioactive series, and these are radium Ra-226, Ra-224, thorium Th-232, uranium
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U-235, U-238. This also includes potassium K-40 whose origin is cosmic [1]. Therefore,
various international organizations such as: ICRP 1994 [3]; European Commission 1999 [4];
UNSCEAR (2000, 2008) [1,5]; and The Council of the European Union 2014 [6] introduced
the standards of radiation protection in order to protect the population from the negative
effects of ionizing radiation. Typical concentrations of natural radioactive isotopes *’K,
226Ra and 2*2Th in building materials are 500, 50 and 50 Bq kg~!, respectively [5]. More
and more, in order to dispose industrial wastes (of which more than half is waste generated
in the mining industry, i.e., slags and ashes), they are being incorporated into building
materials. The presence of these additives can significantly increase the radioactivity of
materials and contribute significantly to the exposure of people to external and internal
ionizing radiation emitted by them, as on average people spend about 80% of their time
indoors [2]. External exposure originates from 4°K, 22°Ra, 2*2Th radionuclides and their
decay products emitting gamma radiation, while internal exposure is caused by inhalation
of radon (**’Rn, see e.g., [7]), thoron (**Rn, for review see [8]) and their decay products,
which, in turn, are alpha emitters.

Cement is the basic material used in all types of construction [9]. It is used in the form
of mortars for joining elements, as a basic component of concrete mix, for the production
of prefabricated concrete elements, large-size monolithic structures, roof tiles, bricks, etc.
Such produced concrete composites are characterized by easy shaping, assembly and
disassembly of elements, and are durable. Concrete is resistant to environmental conditions,
it is characterized by low water absorption and high water-resistance. It can be resistant
to corrosion and fire [10-14]. Cement itself is a binder produced by firing limestones,
marls and clays in rotary kilns at a temperature of 1450 °C, from which cement clinker
is formed in the first stage of production. Then, the resulting sinter is ground with lime
sulphate (gypsum), which acts as a setting time regulator. During sinter grinding, the
so-called non-clinker cement components act as fillers, which are often waste substances
from various industries. Because the production of clinker is highly energy-consuming and
is associated with high CO, emissions to the air, the use of waste additives that not only do
not deteriorate but in some cases improve its technical parameters becomes very popular.

The main waste additives used in the production of cements are blast furnace slag
and fly ash [15]. Granular blast furnace slag is an industrial by-product that results from
the production of pig iron in a blast furnace. The basic raw materials inserted to the blast
furnace are: iron ores, e.g., magnetite, hematite, limonite or siderite; coke as an energy
carrier; calcined bauxite; and crushed limestone and silica as fluxes. The composed set
of input raw materials is subjected to thermal treatment at a temperature ranging from
1400 to 1650 °C. During the smelting of the load, liquid blast furnace slag is formed in the
upper part of the pig iron, which then undergoes the process of cooling and granulating.

Fly ash is produced by burning crushed coal in furnaces of power plants or thermo-
electric power stations, and then leaves the dust furnace together with the flue gases. It
is in the form of fine mineral dust and consists of: basic components (S5iO,, Al,O3, Fe,O3,
CaO); secondary components (MgO, SO3, NayO, K,0); trace components (TiO,, P,Os5, Mn
and others); and unburned carbon (glow losses). The essential methods of dividing fly
ash are based on: furnace structure (ash from combustion in conventional boilers and
ash from combustion in fluidized bed boilers); the geochemical origin of the combusted
coal fuel (ashes from the combustion of hard coal and from the combustion of lignite);
the selective method of collecting ashes from various sections of electrostatic precipitators
(ashes from zone I, zone II and zone III); and the share of the main components (silicate,
aluminum, calcium).

Among the waste substances that are currently used in modern cement plants, one can
also mention alternative ecological fuels, which are used in the processes of co-combustion
of traditional fuels in furnaces. Incineration of waste in this place causes heat recovery,
and ashes and slags resulting from their incineration in a cement kiln become part of the
raw material mixture of the clinker burnt. The alternative fuel is mainly obtained from
plastics that are not recyclable. These are often also residues and waste from production
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processes of various industrial sectors, such as automotive, paper, food, packaging and
furniture production. Alternative fuels are worn-out furniture and other bulky waste as
well as all kinds of biomass: waste from wood processing, sewage sludge and residues
from agricultural production.

The specific composition of the final cement product determines the way of the division
of cements. The cement containing the least amount of ingredients is Portland cement
(denoted as CEM-I) and consists only of cement clinker and gypsum in an amount of
up to 5%. CEM-II, multi-component Portland cement, contains up to 35% of mineral
additives in its volume, which may be, successively: blast furnace slag (S), silica fly ash
(V), calcium fly ash (W), silica dust (D), Natural pozzolana (P), fired pozzolana (Q) and
limestone (L, LL). Another type of cement is CEM-III, which is metallurgical cement. It is
obtained from: Portland clinker, setting time regulator and granular blast furnace slag, the
content of which ranges from 35 to 95%. This cement is more sulfate-resistant than Portland
cement. Similarly to the composition of metallurgical cement, another type of common
cement, with the designation CEM-IV, is pozzolanic cement, and in its composition, in
addition to the basic components, contains significant additives of pozzolana. CEM-V, a
multi-component Portland cement, apart from its basic components, in its volume contains
significant amounts of blast furnace slag and pozzolans. Taking into account the multitude
of both cements and additives used thereto, as well as the possibility of penetration into
the final product of unidentified radioactive radionuclides of natural or waste origin, it is
necessary to monitor the concentration of natural radioactive radionuclides of potassium
(49K), radium (??°Ra) and thorium (**?Th) in cements available on the market.

It should be emphasized that the global usage of cement keeps growing in a dynamic
way. In 2017, the total production was estimated at 4.1 billion tones, 56.5% of which in
global production belongs to China. At present, Poland is the third producer of cement in
Europe, occupying the position after Germany and Italy. Over the years, cement production
in Poland has undergone various fluctuations, nonetheless, since 2013 it has been steadily
increasing, reaching 19.6 Mt in 2022 (according to estimates of the Statistics Poland, see
Figure 1).
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Figure 1. Sales of cement in Poland in the years 2010-2022. Source: https://www.polskicement.
pl/aktualnosci/produkcja-cementu-w-polsce-rosnie-niestety-import-z-bialorusi-tez/ (accessed on
24 July 2022).

The present production of cement in Poland relates to a consumption of ca. 500 kg
per 1 inhabitant (the average value in Europe is 309 kg, and in China 1705 kg). Such a
result was achievable thanks to the advantageous macroeconomic situation and dynamic
growth of construction and assembly production. Therefore, cement plays a key, yet often
unnoticeable, role in human life. It is mainly used as a binder in concrete, which in turn
is the starting material in construction. The knowledge of the concentrations of natural
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radioactive radionuclides, namely radium, thorium, and potassium in building materials is
very important due to the fact that people spend 80% of their time indoors in residential
buildings [2].

Assuring safe sanitary and health conditions inside premises of residential buildings
requires eliminating the use of building products that contain excessive concentrations of
natural radioactive radionuclides. For this reason, in various parts of the world concen-
trations of natural radioactive radionuclides in construction materials are under constant
monitoring, i.e., in Australia [16], Austria [17], Tanzania [18], Bangladesh [19], Brazil [20],
and China [21]. In Poland, the concentration of natural radioactive radionuclides radium
(**°Ra), thorium (?*¥Th) and potassium (4%K) in construction materials is being monitored,
as well [22,23]. They serve as a basis for assessing the suitability of materials in the con-
struction sector. Those elements are primarily the main emitters of alpha, beta, and gamma
radiation and are not neutral to human health.

The article presents concentrations of natural radioactive radionuclides of radium
(**°Ra), thorium (**2Th), and potassium (*°K) for 15 various types of cements, commonly
used in the construction industry, which are available on the Polish market. In order to
determine exposure to ionizing radiation, a calculation was made of the gamma radiation
dose rate (D), annual effective dose (E), radium equivalent activity (Re;), external hazard
index (Hey) and internal hazard index (H;;,), the index of exposure to gamma and alpha radi-
ation (I) and (I), respectively. The obtained results were then compared with international
standard values defined by the European Commission [4], and values recommended by
the United Nations Committee on the Effects of Ionizing Radiation [1,24]. The results were
also compared with results of studies performed by other authors from various countries
all over the world [16-23,25-50].

2. Materials and Methods
2.1. Preparation of Samples for Gamma Spectrometric Measurements

In this study, we examined the concentrations of natural radionuclides 226Ra, 232Th,
and “K in a total number of 60 samples of several cement types, originating from the
most popular manufacturers on the Polish market. If the samples were obtained from the
same 25 kg bag of cement (e.g., manufacturer X, type CEM-II/A-S 42,5R), they were given
the same sample name, e.g., CM-2, etc. The values of obtained concentrations for a given
sample name are weighted means of 1-6 values. Particularly, samples CM-1 up to CM-10
are means from four values each, CM-11 to CM-13 are means from six values each, while
CM-14 and CM-15 were only examined once (see Table 1).

Cement samples were dried at the temperature of 105 °C for 24 h to obtain a constant
sample mass deprived from water, and then sieved to a fraction of 2 mm maximum. Once
homogenous materials were procured, they were packed into Marinelli containers with
1.5 dm? volume if measured by MAZAR (or 0.5 dm?, if measured by HPGe) and then
compacted with the use of a shaker. The containers were filled in such a way that the
tested cement remained 5 mm below its top edge. After packing and weighing, the samples
were closed and sealed with a tape. The concentration of radium (*?°Ra) was set out on
the basis of the activity of its decay products, and with this in mind it was necessary to
assure the tightness of the Marinelli beakers to avoid losses in concentrations of radon,
which is a volatile decay product of radium (**°Ra). On the other hand, the concentration
of 222Th was determined on the basis of measurements of thallium 2°8TI. For this reason,
samples were tested only when the secular equilibrium between 2!4Bi and ?2°Ra and 208TI
and 232Th has been settled, hence after a period of at least 4 weeks. The 4-week maturing
time is sometimes questioned (as too short for settling the secular equilibrium) and in some
newest articles the authors use 45-day (or 6-week) time for aging their samples, e.g., [35].
Since the approach to this issue is different in various articles, the authors decided to study
cement samples for both 30-day maturing and 45-day maturing, to verify whether there
is a statistically significant difference in concentration activity. The values presented in
the Results chapter are always a weighted mean of 4 measurements for CM-1 to CM-10
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samples, a weighted mean of six measurements for CM-11 to CM-13 and the one value for
CM-14 and CM-15 with uncertainty determined by the detector software. In all cases, the
statistical deviations from the mean are weighted by the uncertainties of the individual
measurements (see the explanation to the Table in Section 3).

Table 1. Types of cement commercially available on the Polish market with description and additives
shown. The last column presents the number of samples, the aging time and the type of detector that
collected the gamma spectra during the experiments.

Number of Samples Taken,

Sample Name Cement Type Description Additives Detector (Maturing Time in Days)
CM-1 CEM-I Portland cement 0-5% secondary ingredients 4 ?i >><< I\H/I?éeA(IZS(SdO) ),
36-55% silica fume and natural
5 BN Fosomemen  MiNuMMpacmandsiia 430 MAZAGOO
ingredients
CM-4 CEM-1 Portland cement 0-5% secondary ingredients 4 31 >><< g?éﬁg;i% ),
CM-5 CEM-I Portland cement 0-5% secondary ingredients 4 31) >><< gﬁéﬁgégg) d),
CMs CEMAI  Polandflyashcement o o) 0003 EA M HrGeasd)
CM-7 CEM-II Slag cement with fly ash 1Ozf](i;%l‘;iasi;iiirg;caesﬂ,ag, 4,3 x MAZAR (30 d),

0-5% secondary ingredients 1x HPGe (45 d)

36-55% silica fume and natural

: -~ and industrial pozzolan and silica 4,3 x MAZAR (30 d),
CM-8 CEM-IV Pozzolan cement fly ash, 0-5% secondary 1 x HPGe (45 d)
ingredients
21-35% silica fly ash and
CM-9 CEM-II Portland composite cement limestone, calcium sulphate as 4,3 x MAZAR (30 d),

binding time regulator 1 x HPGe (45 d)

10-20% blast furnace slag,
CM-10 CEM-II Slag cement with fly ash 10-20% silica fly ash,
0-5% secondary ingredients

4,3 x MAZAR (30 d),
1 x HPGe (45 d)

6,4 x MAZAR (30 d),

CM-11 CEM-1 Portland cement 0-5% secondary ingredients 2 x HPGe (45 d)
21-35% silica fly ash and
CM-12 CEM-II Portland composite cement limestone, calcium sulphate as 6,4 x MAZAR (30 d),
e 2 x HPGe (45 d)
binding time regulator
: . 21-35% silica fly ash, 6,4 x MAZAR (30 d),
CM-13 CEM-II Portland fly ash cement 0-5% secondary ingredients 2 x HPGe (45 d)
CM-14 CEM-I Portland cement 0-5% secondary ingredients 1,1 x MAZAR (30 d)

36-55% silica fume and natural
and industrial pozzolan and silica
fly ash, 0-5% secondary
ingredients

TOTAL 15 60 (44 x MAZAR, 16 xHPGe)

CM-15 CEM-1V Pozzolan cement 1,1 x MAZAR (30 d)

2.2. Gamma-Rays Spectroscopy

In this study, measurements were performed on MAZAR-01 and MAZAR-95 (older
model and the newer one of the same spectrometer, described in (a)), and nitrogen-
cooled germanium detector HPGe, see (b). Both devices are presented on Figure 2 and
described below.

(@) MAZAR spectrometer connected with the scintillation probe Nal(TI) 2 x 2” (POLON-
1ZOT Ltd., Warsaw, Poland). The scintillation probe is placed in a lead shielding
unit with wall thickness of 50 mm to minimize the radiation background. This is an
analyzer that operates in three measurement ranges that allow to determine the ra-
dionuclides: 4K, 22°Ra and 2*2Th. Particular measurement channels comprise energy
ranges of gamma radiation photons, as follows:
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(b)

e channel 1, with energy range of 1.26 MeV-1.65 MeV, detects photons of gamma
radiation of the potassium radionuclide (*°K) with energy of 1.46 MeV, as well
as photons from Compton gamma radiation of elements of the thorium and
uranium chain, and the apparatus background radiation;

e channel 2, with energy range of 1.65 MeV-2.30 MeV, detects photons of gamma
radiation of the bismuth radionuclide (>'4Bi) with energy of 1.76 MeV, being
in secular equilibrium with radium radionuclides (*?°Ra), as well as photons
from Compton spectra from the thallium radionuclide 2®Tl, and the apparatus
background radiation;

e channel 3, with energy range of 2,30 MeV-2.85 MeV, records photons of gamma
radiation of thallium (2%T1) with energy of 2.62 MeV being in secular equilibrium
with thorium (**2Th) from the thorium chain, and the apparatus background
radiation, see e.g., [51,52].

The detector output calibration has been based on three volumetric measurement
calibrations: 4°K, 226Ra, and 232Th and the measurement of the matrix of standards
as background measurement. Ten calibration coefficients required for setting out
radioactive concentrations of potassium 40K, radium #2°Ra, and thorium 232Th were
calculated with the use of the matrix method. The geometry of the reference sources
was similar to that of the tested samples, i.e., it was based on Marinelli beakers of
1.5 dm3 volume. The bulk density of reference sources equaled 1.6 g/cm3, while the
bulk density of samples was contained within the range of 1.1 g/cm? to 1.4 g/cm?. To
minimize the external background, the detector was placed in a lead shielding unit
with wall thickness of 50 mm. The energy resolution of the spectrometer was 6-8%.
For every sample, an average value of activity with the uncertainty was calculated.
To calibrate the apparatus there were used standard samples: 4°K (pure potassium
chloride KCl, 99.9% b.w.) and ??°Ra and 2*2Th made on the basis of certified reference
materials from the U.S. Department of Energy New Brunswick Laboratory—uranium
and thorium ores. The background measurement for the analyzer was made using an
aluminum cylinder of weight 1600 g. A detailed diagram of MAZAR apparatus has
been presented on Figure 2a.

HPGe of XTRa type (CANBERRA Industries Inc., Meriden, CT, USA). Another
equipment used in this study was gamma ray HPGe XTRa detector with a relative
efficiency of approx. 30% and 2.0 keV FWHM (at 1332 keV line). The detector,
liquid nitrogen cooled, works with a computer equipped with software enabling
the calculation of radionuclide concentrations present in the tested sample (GENIE-
2000 software, v. 3.2.1, CANBERRA Industries Inc.). The photons energy range
of the studied radionuclides lies within the range of from about a dozen to over
2000 keV. The detector is placed in a low-background shielding house, Figure 2b,
which ensures a reduction, at least by two orders of magnitude, of the external
background of gamma radiation.

Energy and effectivity calibration was performed based on an 80,000 s—measurement

of a mixture of 11 isotopes in Marinelli geometry in beakers of 450 mL. The mixture
provided calibration in the required energy range and its density was 1.1 g/cm?. After
taking into account the background of the detector, the radioactive concentration of Bi-
214 from several of its power lines was determined. The final value is the weighted
average of the radioactive concentrations. The analyzer consists of 8000 channels. For more
information on gamma spectrometry via germanium spectrometers, see [53].
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Figure 2. Diagram of experimental apparatus; (a) MAZAR: the scintillation probe (1) has been placed
in a lead shielding unit (2) with a Marinelli beaker (3) filled with the sample being tested. Its geometry
allows pushing the probe (1) into the containers to enable detection of gamma photons from almost the
full solid angle. Photons reaching the scintillator are analyzed by the MAZAR spectrometer (4), and
the software installed in the PC (MAZAR PC 2007, provided by POLON-IZOT Ltd., Warsaw, Poland),
(5) allows observing the spectrum, and calculations of concentrations and radionuclides; (b) HPGe:
signals from the tested samples are preliminary amplified in a charge-sensitive preamplifier then
measured in the LN,—cooled germanium detector. The produced electric signal is then amplified
in the amplifier, transformed from analog to digital information via AD converter and analyzed
in the multi-channel analyzer, then treated in the PC software. Legend: HVS—high-voltage power
supply, HPGe DET—germanium detector with a Marinelli container attached, pre AMP—preamplifier,
LN,—liquid nitrogen dewar, AMP—amplifier, ADC—analog-to-digital converter, MCA—multi-
channel analyzer, 1—lead cover, 2—PC with GENIE software. For more information, see [53].

2.3. Estimation of Radiological Hazard Parameters

Based upon the values of concentrations of natural radioactive radionuclides ??°Ra,
232Th, and K in the tested cement samples, we were able to set out parameters of radio-
logical hazard to human health. Consequently, to assess the exposure of people to ionizing
radiation originating from the above mentioned radionuclides, the following radiological
parameters have been set out:

Raeg;—radium equivalent activity,
H.r—external hazard index,
H;,,—internal hazard index,
D—radiation dose level,

E (AEDE)—annual effective dose,
I,—Gamma radiation activity index,
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e ,—alpharadiation index.

Moreover, the statistical uncertainty estimation was performed for all above-mentioned
values, with the use of commonly adopted method of total differential. In our case, based
upon this method, one may conclude that since all the listed above parameters P are linear
combinations of the concentration activities A;, i.e., P = Y ic(rq 11k} CiAi, then their uncer-
tainties must be linear combinations of the uncertainties of the concentrations, AA;, as well,

i.e., AP = Zie{Ra,Th,K} CZ'AAZ'.

2.3.1. Radium Equivalent Activity

To make comparisons among the materials that contain natural radioactive nuclides
40K, 226Ra and 232Th at different concentrations, the radium equivalent index Raeq was
introduced, that has been set out on the assumption that 10 Bq-kg~! of 22°Ra, 7 Bq-kg ! of
232Th and 130 Bq-kg~! of K emit the same gamma radiation dose level [16,24,54]. The
value of the radium equivalent Raeq is defined by the following equation:

Raeg [Bq kg*l} = Apq + 1.43A7, +0.077 Ag, )

where Ag,, Ay, and Ak are the concentrations of radium, thorium, and potassium radionu-
clides, respectively.

For each tested substance the radium equivalent activity should be as low as possible,
at most equal to 370 Bq-kg ! to make sure that the gamma radiation dose level is not higher
than 1.5 mGy-y ! [54,55]. Should this limit be exceeded, it is considered that the radiation
level could be hazardous for human health and life.

2.3.2. Absorbed Gamma Radiation Dose Rate

Another important parameter from the viewpoint of radiological protection is the
absorbed gamma dose rate in the air inside a premise. The radiation dose level was
calculated applying the conversion coefficients 0.92, 1.1 and 0.08 for radium, thorium, and
potassium, respectively [1]:

D [ncy h—l} — 0.92AR, + 1.1A7), + 0.08Ax. @)

2.3.3. Annual Effective Dose

A parameter closely related to the absorbed gamma radiation dose level is the annual
effective dose. Its determination requires the knowledge of the gamma radiation dose
level and the value of the conversion coefficient of the absorbed dose in the air into the
effective dose. This coefficient is assumed to be a constant value equal to 7-10~7 Sv-Gy L.
An additional assumption is that, on annual average, humans spend over 80% of their time
inside the premises. The equivalent of the annual effective dose is, therefore, calculated on
the basis of the following equation [1]:

E[mSv] = D [ncy h‘l} % 7000 h x 7 x 10~7Sv Gy . 3)

The value of the annual effective dose recommended by UNSCEAR (2000) should not
exceed 1.0 mSv during a year to be able to consider a building material as safe with respect
to radioactivity for human health.

2.3.4. External Hazard Index

Further two parameters, namely the external and internal hazard indices, have been
defined by Beretka and Mathew [16], and describe the hazard connected with internal and
external radiation. The external hazard index can be obtained from the expression of Raeq,
based on the assumption that its admissible maximum equal to 1.0 conforms to the upper
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limit of the radium concentration equivalent Raeq (370 Bq-kg!). The external hazard index
(Hex) is therefore expressed as follows:

_Ara | Amn | Ak
370 259 4810

4)
and is dimensionless.

2.3.5. Internal Hazard Index

Apart from the external hazard index, originating from “°K, 22°Ra, 2*2Th, equally
important is exposure to the internal radiation coming from radon 2?2Rn and its short-lived
decay products, which are particularly hazardous for the respiratory tract (primarily for the
bronchi and lungs). The internal hazard index is set out based on the following equation:

Apa A A
=Re  ZTh, K ®)

Hin = 185 T 250 T 2810

and is dimensionless, as well.

The value of the internal hazard index must be lower or at least equal to one, so that
the hazard of radiation originating from radon and its decay products remains insignificant
and negligible.

2.3.6. Gamma Radiation Activity Index

To verify whether the dose criterion for materials commonly used in the construction
sector has been met, the gamma radiation activity index was set out in accordance with the
following equation [4]:

_ Ara | A Ak

L, = Zhhy R 6
"= 300 T 200 T 3000 ©)

The gamma activity index takes into consideration the method and amount of the
given type of material used on construction. Limiting values of the gamma radiation
activity index, which should not be exceeded by materials, have been listed in Table 2.

Table 2. Values of gamma radiation activity indices recommended by the European Commission [4].

Dose Criterion 0.3mSvy1 1.0 mSvy~1

Materials used in large amounts, e.g., cement, I, <05 I, <10
Surface materials with limited usage, such as L <20 L <60
roof tiles, boards, panels T== T="

If I, < 1.0, the annual effective dose is lower or at least equal to 1 mSv for construction
materials used in large quantities. On the other hand, I, < 0.5 conforms to an annual
effective dose lower or at least equal to 0.3 mSv if the construction material is used in bulk.
Similarly, if I, < 6.0, then it conforms to an annual effective dose lower or equal to 1.0 mSv
if the material is used outside a premise. Furthermore, when I, < 2.0, this conforms to an
annual effective dose lower or equal to 0.3 mSv if the material is used outside a premise.

2.3.7. Alpha Radiation Index

In addition, the alpha radiation index has been set out, which defines exposure to
alpha radiation coming from radon and its short-lived decay products present in building
materials. This parameter has been defined as [24,56]:

_ ARu
200 °

L @)

The International Commission on Radiation Protection recommends that the radon
concentration in closed premises remains lower than 200 Bq-m 3. Supposing that in the
sample the radium concentration is assumed to be at the maximum admissible value equal
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to 200 Bq-kg !, then the value of the alpha radiation coefficient equals one. If the concen-
tration of radium radionuclide in construction materials is higher than 200 Bq-kg !, the
concentration of radon inside the premise may exceed the admissible value of 200 Bq-m 3,
which is considered to be safe for humans (and which is set up by the International Com-
mission on Radiation Protection) [24,40,56]. On the other hand, it is also assumed that if
the concentration of the radium radionuclide (*?°Ra) is no higher than 100 Bq-kg !, the

concentration of radon inside the premise should be lower than 200 Bq-m 3.

2.4. Statistical Methods

A further objective of the paper was to conduct a broad statistical analysis aimed at
verifying dependencies and correlations between particular concentrations of radionuclides.
With this in mind, first, it was verified whether there were outliers in any of the trials, and
whether the concentration of a given radioactive element was normally distributed. The
answer to the first question may be obtained, for example, using box-plots, and to the
second one—by executing the Shapiro-Wilk test (for introductory information see [57-61]).
Just as any statistical test, this particular test is used to verify the null hypothesis on the
accepted significance level of (1 — o) x 100%,which in the case of the Shapiro-Wilk test
is the normality of distribution, i.e.,, whether it may be presumed that the given trial
is the one with normal distribution. Similarly, as in each statistical test, an evaluation
is made whether the put null hypothesis should be rejected in favor of the alternative
hypothesis, or whether it is impossible to reject it. In the majority of statistical programs,
the adopted null hypothesis is that the given trial has the normal distribution. If the p value
is higher than the assumed significance level «, the null hypothesis cannot be rejected; if it
is lower—it should be rejected in favor of the alternative hypothesis on distribution non
normality [59,60]. Since only the set of concentrations of radionuclide *°K has positively
passed the Shapiro-Wilk test, the further statistical analysis needed to be based on the
Wilcoxon-Mann-Whitney non-parametric tests as a counterpart of the Pearson test for
correlation and the Kruskal-Wallis test as a counterpart of the one-way ANOVA for needs
of determination of dependencies between the concentrations. In addition, the correlation
coefficient in trial, p, and 90% confidence interval for p were determined. In regards to the
correlation analysis, please refer to the study in [62]; a good introduction to the one-way
ANOVA one can find in the lectures available on the webpage of the Faculty of Genome
Science of the University of Washington [63], and about non-parametric tests—see [64].
All calculations and tests, as well as diagrams, have been executed in R program, i.e., an
open-source software for data analysis, the full documentation of which is available in [65].

3. Results
3.1. Natural Activity Concentration

Table 3 lists the concentrations of natural radioactive radionuclides 22°Ra, 232Th, and
40K of the tested cement samples, and their average concentration has been set out. Both
arithmetic and weighted means were calculated, while their uncertainties were estimated
with the use of the standard deviation and average weighted deviation, respectively.

When calculating the weighted deviation, the weights w; = (ﬁ) were used, where

Ax; is the uncertainty determined for every of the values x;, hence the relatively lower
uncertainty values for the weighted mean. The weighted mean itself is higher than the
normal arithmetic mean since higher values entered the weighted mean with higher
uncertainties (both values are provided in Table 3, for comparison). However, it should be
kept in mind that properly one should calculate the weighted average if every value in the
sample has a different uncertainty.
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Table 3. Concentrations of radionuclides *°K, 23Th and 4K in samples of cement with desig-
nated uncertainties. Presented values are weighted means of 4-6 quantities obtained via measuring
with MAZAR or HPGe devices (except for CM-14 and CM-15, see the text). Each individual un-
certainty was estimated via the spectrometer software, while the values appearing beneath are
weighted deviations.

Concentration Activity of Radionuclides (Bq kg~1)

Sample Name

40K 226Ra 232Th
CM-1 246 +9 248 +1.4 13.2+0.8
CM-2 278 + 32 62 + 21 41 +12
CM-3 347 4+ 40 75.6 £2.6 411 +1.9
CM-4 182 + 14 33.94+23 146 £1.1
CM-5 220 + 33 251+1.3 148+ 1.1
CM-6 349 + 33 49.1 +£5.1 33.8+5.6
CM-7 344 + 8 64 +12 37.5+5.8
CM-8 430 £ 17 736 £52 473 +3.2
CM-9 248 + 9 348 £2.6 21.1+0.8
CM-10 177 £ 3 47 + 3 184 +0.5
CM-11 123 + 14 21.7+25 123 +23
CM-12 280 4 27 53.1+23 389 +4.2
CM-13 348 + 28 54.0 + 1.8 342 +2.8
CM-14 262 4+ 39 27+7 14+3
CM-15 412 +45 75.7 £9.2 46.1 6.3
Arithmetic mean 283 4+ 89 48 £ 19 29 +13
Weighted mean 305 + 78 56 +17 35+ 11
Earth’s crust by average @ 400 35 30

M According to UNSCEAR Report [1].

The distribution of radionuclides “°K, ?2°Ra and 2*2Th is not homogenous in the
tested cement samples. As may be seen from data presented in Table 3, concentrations
of radionuclides of potassium, radium and thorium in cement samples remain within
the range of 123-430 Bq-kg !, 21.7-75.7 Bq-kg !, 12.3-47.3 Bq-kg !, with the average
of 283 Bq-kg-!, 48 Bq-kg™! and 29 Bq-kg~! respectively. Average global values of the
concertation of potassium, radium, and thorium in the Earth’s crust presented in the
UNSCEAR Report (2000) equal 400 Bq-kg~!, 35 Bq-kg !, and 30 Bq-kg !, respectively [1].

These results allow the presumption that, only in the case of the potassium radionu-
clide, its mean concentrations in cement samples are by about 1/3 lower than the mean
contents of this radionuclide in the Earth’s crust. Meanwhile, the average concentrations
of the radium radionuclide in the tested cement samples are higher than the average con-
centration of that radionuclide in the Earth’s crust. Moreover, in most of the samples the
concentration of 22°Ra reaches or even exceeds the recommended 35 Bq/kg limit (only
those for CM-1, CM-5, CM-11, and CM-14 are below the limit). On the other hand, the
average concentration of the thorium radionuclide in tested cements assumes a value close
to the mean content of that radionuclide in the Earth’s crust. Nonetheless, attention should
be drawn to the fact that in six samples this value had been exceeded (within the statistical
error) i.e., CM-3, CM-7, CM-8, CM-12, CM-13, and CM-15.

Such a broad dispersion of concentration values of natural radioactive radionuclides
in cement arises, in the first place, from different type of raw materials used in production
of cement and the contents of other additives, such as volatile ashes, slags, the contents
of which may also comprise natural radioactive radionuclides. These values could also
be influenced by time- and composition-dependent co-combustion of waste products.
Published research indicates that the addition of volatile ash to construction materials may
cause increased concentrations of the 226Ra radionuclide, which is also visible in the tested
cement in this study. The lowest concentrations of natural radioactive radionuclides were
obtained for Portland cement containing no more than 0-5% of secondary materials, i.e., for
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samples CM-1, CM-4, CM-5, CM-11, and CM-14. The highest concentrations of natural
radioactive radionuclides of potassium, radium and thorium were obtained for samples
of pozzolan cement, i.e., CM-3, CM-8 and CM-15, but also samples of CM-2, CM-3, CM-6,
CM-7 and CM-10, CM-12, and CM-13 which are Portland cements with an additive of
slag fume or fly ash CEM-IL. The pozzolan cement contains the highest concentrations of
additives, and namely 36-55% of silica fume and natural and industrial pozzolan and silica
volatile ash, as well as 0-5% of secondary ingredients.

Additionally, Table 4 presents the mean concentrations of natural radionuclides of
radium, thorium and potassium in the tested samples coming from other countries. Each
country has been denoted by the ISO 3166-1 alpha-3 code. Most of the data from other
studies were determined without uncertainty, which made it impossible to accurately
determine both the weighted mean, and the weighted deviation, as is required for proper
procedure. Therefore, in Table 4, all data arithmetic mean and standard error of the mean
(abbr. SEM) were calculated instead. The weighted mean and weighted deviation for all
activity concentrations also have been calculated; however, this is on the basis of data from
Albania, Greece, Pakistan, Senegal, and Turkey only.

Table 4. Data received from other studies presenting measurements of radionuclides activity con-
centrations of 22°Ra, 232Th, and 4°K. Where it was possible, also information on the cement type
was retrieved.

Cement Type Concentration Activity of Radionuclides (Bq kg—1) Literature
ISO Code (If Specified) 10K 26R,4 2327 Reference
ALB CEM-I 169 £ 25 51.2+55 16.1 +23
ALB CEM-II 150 + 20 51.0 £3.7 165+ 3.6 [37]
ALB CEM-II 134 + 12 46.2 + 3.6 12.0 + 3.1
AUS - 114 52 48 [16]
AUT - 210 27 14 [17]
BRA ) - 564 62 59 [20]
CHN - 207.7 51.7 32 [21]
CMR - 277 27 15 [66]
CUB - 467 23 11 [38]
CYP - 127 28 7 [42]
CZE(SVK) - 157 12 18 [31]
DEU - 325 15 23 [67]
EGY - 73 19 15 [25]
EGY - 82 35.6 43.2 [33]
ESP - 182 34 13 [44]
EUR @ - 216 45 31 [34]
FIN - 251 40 20 [27]
GRC - 257 85 19 [26]
GRC CEM-I 154 + 13 17 +£1 15+1
GRC CEM-I 132 +13 15+1 13+2
GRC CEM-II 212 +15 91+1 18+3 [36]
GRC CEM-II 196 + 17 89 +1 194+3
GRC CEM-IV 244 4+ 30 111 £ 17 19+3
IND - 430 98 81 [18]
IND - 177 24 20 [56]
IRN - 291 40 29 2]
ITA - 316 46 42 [26]
ITA - 357 41 63 [50]
ITA - 218 38 22 [56]
JPN - 139 36 21 [29]
KWT - 240 13 9 [28]
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Table 4. Cont.

Cement Type Concentration Activity of Radionuclides (Bq kg—1) Literature
ISO Code (If Specified) 0 226Ra 232ThH Reference
LAO - 116 38 14 [47]
MAR - 238 31 19 [43]
MKD - 264 42 28 [48]
MYS - 204 81 59 [39]
NGA - 114 8 2 [41]
NLD - 230 27 19 [40]
NOR - 259 30 19 [49]
PAK @ - 273 + 68 26.1+5.6 28.7 + 4.3 [29]
SEN CEM-I 593 +£73 136.0 £+ 8.2 151+ 09
SEN CEM-II 81 +19 110 £ 29 120+ 1.2 [35]
SEN CEM-III 80 + 20 92 + 17 122+18
SEN CEM-IV 119 £ 12 81+09 4.68 +0.78
SVK CEM-I 52.0 58.0 17.0
SVK CEM-I 169.3 13.1 19.8
SVK CEM-II 314.6 10.8 32.8
SVK CEM-II 460 12.4 34.2
SVK CEM-III 417 16.7 37.5
SVK M CEM-V 733 14.6 38.2 [32]
SVK CEM-I 228.3 9.3 18.2
SVK CEM-II 178.9 8.2 18.7
SVK CEM-II 146 12.1 16.0
SVK CEM-II 150.2 14.0 20.1
SVK CEM-III 111.3 21.6 229
TUN - 176 22 10 [29]
TUR - 247 41 26 [30]
TUR CEM-I 208 + 16 3447 13+2
TUR CEM-II 221 + 19 51 + 12 18 +4 [48]
TUR CEM-IV 352 + 49 45+ 13 26 £5
TUR ™ CEM-V 447 319 136
TZA - 228 46 28 [18]
YEM - 428 40 25 [48]
mean + SEM 241 + 19 44 + 6 253 +2.6
(w.mean £ w.dev.) (195 + 88) (83 +34) (17.0 £ 4.7)
Earth’s crust by average 400 35 30

(@ Extreme values were excluded from further statistical analysis. ?) The average of values presented in [34].

Data specified in Table 4 allow a presumption to be made that much higher concen-
trations of the radium radionuclide in relation to Polish cements have been obtained for
samples of cement coming from Greece, Senegal, Malaysia, India, and Turkey. An excep-
tionally high value was achieved in samples from Turkey, were activity concentration of
226Ra was even more than nine times of the average content in the Earth’s crust. On the
other hand, in the remaining countries concentrations of radium radionuclide in cement
were comparable or lower as compared to the tested material samples. Given the mean
concentrations of the thorium radionuclide, it may be assumed that much higher concentra-
tions of this radionuclide are present in samples coming from Australia, Brazil, Egypt, Italy,
Malaysia, and Turkey, as compared to the tested cements. As for the remaining samples
of cement originating from other countries’ markets, the concentrations of the thorium
radionuclide were comparable or lower in relation to tested cement samples in the present
study. A comparison of concentrations of the potassium radionuclide of samples of Polish
cements with samples of cements coming from other countries allows the presumption that
only for cement samples coming from Brazil, Cuba, India, Slovakia, Turkey, and Yemen the
highest concentrations of that radionuclide were recorded. Regarding the remaining coun-
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tries, concentrations of the potassium radionuclide were comparable or lower as compared
to the tested samples.

3.2. Statistical Analysis

From the statistical point of view, it should be determined the density distribution
of the concentration activity for each radionuclide and verified whether they are normal
distributions or not. In addition, it should be determined whether there exist statisti-
cal differences between concentration activities within cement groups: CEM-I, CEM-I],
CEM-1II, CEM-1V, and CEM-V. At last, the goal is to find whether any dependencies exist
between concentrations for different types of cements and correlations between particular
concentrations. Therefore, the first step is to perform some basic descriptive statistics and
normality tests. For this purpose, Shapiro-Wilk tests were executed, also box-whisker,
histograms and violin plots were performed, see Figures 3 and 4. Within cement types:
CEM-I, CEM-II, CEM-III, and CEM-IV, for none of the features: concentration of K, con-
centration of 226Ra, and concentration of 232Th extreme values have been recorded. Only
in the CEM-V group were there extremely high values of all concentrations. However,
this group was also low-represented, so statistically insignificant, it was omitted on the
figures, but accounted in further discussion. It should be emphasized that all distributions
have outlier values, moreover, they indicate strong asymmetry, which is clearly proven
by calculating skewness coefficients and verifying statistical tests for normality. Indeed,
the strong lack of symmetry of the distributions has been confirmed by rejection of the
null hypothesis in the Shapiro-Wilk tests, see also Table 5, which summarizes all statistical
analysis performed in this section.
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Figure 3. Box-whisker plots for the concentration of potassium (a), radium (b), and thorium (c).
Box-plots present the basic values of descriptive statistics: the median (horizontal line), the first
and the third quantile (bottom and top side of the box, respectively), the maximum and minimum
values not considered an outlier (upper and lower whisker border, respectively), and outliers and
extreme values. The figure contains separate boxes for different cement types as to extract statistical
differences between these groups, if exist. All the collected data, both from other studies and the
measurements of the authors of this study, were used to prepare the above charts.

The Shapiro-Wilk test is used to assess, on the given significance level «, whether one
may assume that the given group of measurements is a feature with normal distribution
or not, by calculating the so-called p value. If p > «, the hypothesis of normality of the
distribution cannot be rejected; if p < o, then the null hypothesis should be rejected in
favor of alternative hypothesis that the distribution is not normal. In such a case further
work with the group is based on non-parametric tests. It was calculated for potassium
p = 0.06, radium p = 1.5 x 107° and thorium p = 2 x 107%; thus, only for “°K the null
hypothesis could not have been rejected, but the result is doubtful, as p is very close to «.
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Moreover, Figure 4 shows that concentrations of radium and thorium are characterized
by strong right-side asymmetry (long high-values tails), especially in the group of data
from other studies (light-gray graph) which is confirmed by the calculation of the skewness
coefficient, presented together with other statistical parameters in Table 5. Data obtained by
the authors of this article present lower asymmetry (dark gray graph) which may indicate
a more homogeneous cement market in Poland.
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Figure 4. The violin-type plots of activity concentration of 4°K, 22°Ra and 232Th. Data are grouped
into “other studies” (left light-gray graphs) and “this study” (right dark-gray graphs). The violin-type
plots are in fact a type of density plots and show how the measurements are distributed through the
sample. Strong asymmetry is clearly visible in all plots for data from the other studies. Measurements
performed by the authors reveal quite low asymmetry or even symmetry for *°K concentration.
Table 5. Descriptive statistics and results of statistical tests for all the gathered data, both experimental
data from this study, and from other studies.
Concentration Concentration Concentration
Statistics of K (Bq/kg) of ?%Ra (Bq/kg) of Z2Th (Bq/kg)
All Data This Study All Data This Study All Data This Study
Mean ) 250 283 43 48 26 29
95% confidence
o e (230, 270) (252, 298) (38, 47) (43, 53) (23, 28) (26, 33)
Median 240 261 40 48 20 31
Std deviation 110 89 25 19 14 13
Weighted Deviation (! 93 78 27 17 13 11
Shapiro-Wilk p=0.063~ p=0318> « p=15x105 < p=001< p=12x10"°< p=88x10"*<
Skewness coeff. 043 0.04 1.02 0.30 1.06 0.17
Correlation coeff. K-Ra: K-Ra: Ra-Th: Ra-Th: K-Th: K-Th:
90% confidence p =0.300 p =0.575 p =0.436 p =0.710 p =0.524 p =0.634
interval for p @ (0.09, 0.48) (0.41, 0.70) (0.24, 0.59) (0.58, 0.80) (0.35, 0.66) (0.49, 0.75)
Kendall rank p=1x10"°<« p=1x10"" < p=2x10""2 <« p=1x10"P<a p=2x10"1° <« p=1x10""2 <«
Right-asymmetry, " Extreme Richt- " Extreme Right- "
SUMMARY questionable Symmetry, right-asymmetry, 1ght-asymmetry, right-asymmetry, 1ght-asymmetry,
. normality - non-normality . non-normality
normality non-normality non-normality

(@) See also Table 3. @ In the case of non-parametric tests, one has to estimate the interval via numeric methods,
based on the sample size.

This asymmetry in distribution of the activity concentration is puzzling, especially
that there is a “long tail” for large contents of both radionuclides, °Ra and 23Th. As the
sample size is relatively high (it amounts 60 results from our study and 63 from other works,
which comes up to a total of 123), the preliminary conclusions may be drawn. It seems
that the tails result from the application of large amounts of cements with dusts (i.e., the
so-called grey dusts), which have been subject of numerous published studies. As it was
emphasized earlier in the article, the non-normality necessitates the use of non-parametric
statistical tests in further statistical analysis.
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With an available statistical base for all the three trials one may pass on to an analysis of
binary setups of 22°Ra—4%K, 22Ra—?2%2Th, and ?*>Th—*0K. Figure 5 presents dependence
diagrams for each of those setups, respectively, devised for all results coming from studies
performed by other authors (light-gray circles) and from this study (black triangles).
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Figure 5. Diagram of dependencies of the concentration activity of thorium 232Th on radium ??°Ra (a),
potassium 40K on radium 2%°Ra (b), and potassium 40K on thorium 2%2Th (c). Quite strong correlation
is clearly visible on all of the plots; however, the strongest one is for Ra-Th dependence. A linear
dependence with a narrow confidence corridor at the level of 99% is only noticeable in the pair of
Ra-Th for data obtained by the authors, and a considerable dispersion of values and a wide confidence
corridor are noticeable in two remaining cases, and prove a weak dependence in the correlation,
though it still remains positive.

The Kendall non-parametric test for correlation has been carried out for all the binary
systems and the correlation coefficient in trial and 95% confidence interval for p have been
determined. For this test, in all cases the p value was found to be extremely low, even of
the order of 10716 to 1079, thus much lower than the significance level o, which suggests
that it is impossible to reject the hypothesis of a dependence between the concentrations of
40K, 226Ra, and 2*2Th.

The non-parametric equivalents of a single-factor ANOVA analysis, namely the
Kruskall-Wallis and pairwise WMW tests, were also implemented, which provide the
answer to the co-dependence problem for groups within the samples. The authors’ interest
was whether there exists a significant difference between cement types and also between
data obtained for different aging time, especially to draw conclusions if there exists a
statistical difference in activity concentrations between cement samples, which were shorter
aged (30 d) and longer aged (45 d). The results of the tests together with discussion have
been moved to the Discussion section.

What is especially noticeable is that measurements of the radioactivity concentration
are not normally distributed, and in some cases non-normality is extreme (226Ra for “all
data” and 232Th for “all data”, as well). This issue will be discussed further. Additionally,
in all cases p value for Kendall rank test is substantially lesser than the adopted significance
level «. This means that there exist correlations within the binary groups; K-Ra, Ra-Th,
and K-Th. The conclusion is supported by the calculated 90% confidence level for the
correlation coefficient which in all mentioned cases is above 0, though for K-Ra pair, the
lower limit exceeds 0 only slightly. The highest correlation is between the concentration of
radium and thorium radionuclides; however, in all cases the strong relationship is clearly
visible, see also Figure 5.
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3.3. Evaluation of Radiological Threats

Table 6 presents values of radiological parameters calculated on the basis of Equations (1)~(7).
Concentrations of the radium equivalent activity for the tested cements remained within
the range of 48.4-173 Bq-kg !, as shown in column two of Table 6. The obtained results
show that the lowest Ra,; values were obtained for Portland cements CM-1, CM-4, CM-5,
CM-11, and CMT-14. On the other hand, the highest Ra,; value was recorded for samples of
pozzolan cement, i.e., CM-3, CM-8, and CMT-15, and for two samples of Portland cement
of CEM-II type with high contents of ash, namely CM-2 and CM-7. The broad range of
Rae; values suggests that continuous monitoring of the radioactivity level of new types
of cement, before using them as a building material, should be provided. To be able to
consider that the given cement/material is safe with respect to radioactivity, the Ra,; value
needs to be lower or at most equal to 370 Bq-kg ™! to make sure that the value of dose
rate remains not higher than 1.5 mGy-y ! [16,55]. For all the tested cements the value of
radium equivalent was found to be much lower than 370 Bq-kg~!, which suggests that the
usage of those materials in construction may be considered as safe from the viewpoint of
radiological protection.

Table 6. Values of radiological parameters of the tested cements: radium equivalent activity index
(Raeq), gamma radiation dose level set out inside a premise (D), annual effective dose (E), external
hazard index (H,y), internal hazard index (Hj,), gamma radiation activity index (I;), the alpha
radiation index (I;), all including the calculated uncertainties.

Sample Name  Ra,; (Bqkg™1) D (nGyh1) E (mSv) Hey () H;, (-) LG I, ()
CM-1 624 +26 56.8 £2.3 0.276 £ 0.014 0.169 £ 0.072 0.235 £ 0.013 0.230 £ 0.011 0.124 £+ 0.007
CM-2 142 + 40 124 +£ 34 0.61 £0.19 0.38 £0.13 0.55 + 0.20 0.50+ 0.17 0.31 £0.11
CM-3 160 £3 142.0 £ 34 0.70 £ 0.02 0.433 £ 0.010 0.637 £+ 0.021 0.571 £ 0.015 0.378 £ 0.013
CM-4 68.7 = 3.0 61.7 £2.8 0.302 = 0.016 0.185 £ 0.009 0.277 = 0.016 0.246 +0.013 0.170 + 0.012
CM-5 63.2+1.7 570+ 1.3 0.279 £ 0.008 0.171 £ 0.006 0.238 £ 0.010 0.231 £ 0.006 0.125 £+ 0.007
CM-6 124 £9 1100 £ 74 0.539 £ 0.042 0.235 £+ 0.028 0.467 £+ 0.032 0.448 £ 0.038 0.245 £+ 0.026
CM-7 143 £ 20 127 £18 0.62 £ 0.10 0.387 £ 0.063 0.56 £ 0.11 0.513 £ 0.080 0.318 £ 0.061
CM-8 174 £7 153.8 £5.7 0.754 £+ 0.033 0.470 £ 0.022 0.669 £ 0.035 0.624 £+ 0.024 0.368 £+ 0.026
CM-9 84.0+£34 750+ 3.1 0.368 + 0.018 0.227 +0.011 0.32 £ 0.02 0.304 £+ 0.014 0.174 + 0.013
CM-10 87.1+3.6 77.7 £3.2 0.381 £+ 0.018 0.235 £ 0.011 0.36 £ 0.02 0.308 £ 0.014 0.236 £+ 0.015
CM-11 484+ 1.8 431+15 0.21 £0.01 0.131 £+ 0.007 0.189 + 0.009 0.174 4+ 0.009 0.108 + 0.013
CM-12 130£7 114 £6 0.56 £ 0.04 0.351 £ 0.026 0.495 £ 0.024 0.464 £ 0.036 0.266 £+ 0.012
CM-13 129.7 £5.2 1151+ 4.6 0.564 £+ 0.028 0.350 £ 0.018 0.496 £+ 0.020 0.467 £ 0.026 0.270 £ 0.009
CM-14 67 £ 15 61 £13 0.30 £ 0.06 0.18 £ 0.04 0.254 £ 0.058 0.247 £ 0.052 0.135 £ 0.035
CM-15 173 £ 22 153 £ 19 0.751 £ 0.093 0.47 £0.06 0.673 £+ 0.084 0.620 £ 0.078 0.379 £+ 0.046

WEIGHTED
AVERAGE 127 £+ 36 115 £ 31 0.57 £0.17 0.32 £0.12 0.51 £0.16 047 £0.14 0.28 £ 0.09

The next calculated radiological hazard parameter is the rate of the dose absorbed in
the air inside a premise, and its values for particular samples are included in the third col-
umn of Table 6. The average range of the dose rate remained between 43.1-153.8 nGy-h .
Average D values for eight samples of cements (CM-2, CM-3, CM-6, CM-7, CM-8, CM-12,
CM-13, and CM-15) were higher than the average global gamma radiation dose level inside
a premise, i.e., 84 nGy-h~! [1]. The highest D value was obtained for samples CM-3, CM-8,
and CM-15, which all are pozzolan cements, and their values of absorbed dose rate are
70-80% higher than the global average of gamma radiation dose level inside a premise.

Table 6 includes values obtained from the authors’ own data. However, for a wider
analysis, data from various studies were compiled, and Figure 6 shows the parameters
Raeg, D and I calculated from these data. They are collected in a form of density plots and
grouped by cement types: CEM-I, CEM-II, CEM-III, CEM-IV, and CEM-V. Very few data
have been found in the literature for other types of cements than Portland, pozzolan and
Portland composite cement, namely 3 for CEM-III and 2 for CEM-V. Nevertheless, they
are presented here to indicate the need for such an analysis, especially for CEM-V, where
in one of the samples the values of the calculated radiological parameters were extremely
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higher than the established limits. Except this one case, all other values did not exceed the
limits (which are indicated on Figure 6 as dashed lines).
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Figure 6. Histogram graphs for hazard indices Raeq, D and I, for five types of cements, based on such
data from Table 4, for which the authors provided information on the type of cement. The arrows
indicate the weighted averages within the group.

On the other hand, mean values of I, for the tested cement types were presented in
column eight of Table 6. The maximum I, value was recorded for the cement samples CM-3
(0,378), CM-8 (0,368), and CM-15 (0,379), while the lowest one for samples CM-11 (0.108),
CM-1 (0.124), CM-5 (0.125), and CM-14 (0.135). In none of the cement samples was the
concentration of radionuclide 22°Ra over 200 Bq-kg ! detected. The highest concentration
of this radionuclide was obtained for samples CM-3 and CM-15, both pozzolan cements,
and they equaled 75.6 and 75,7 Bq-kg !, respectively (see Table 3), hence the index I,
equaling almost 0.38 in both cases. The obtained results allow the presumption that the
concentration of radon inside a premise, in which the tested cements are used, would be
lower than 200 Bq-m 3.

Calculated values of the annual effective dose were presented in the fourth column
of Table 6. The average values of the annual effective dose remain within the range of
0.21-0.75 mSv. Data presented in the report of UNSCEAR (2000) suggest that, in the whole
world, persons staying inside a premise built from construction materials receive an effective
dose at the level of 0.4 mSv yearly [1]. This suggests that mean E values for eight samples of
cements (again, they are: CM-2, CM-3, CM-6, CM-7, CM-8, CM-12, CM-13, and CM-15) were
higher than the value of 0.4 mSv. The highest E value was obtained for two samples, CM-8
and CM-15 (both Pozzolan). Nevertheless, for none of the tested cement samples the value 1.0
mSv/y has been found to be exceeded. Consequently, it may be considered that the tested
materials are safe for human health and may be used in construction.

Mean values of external hazard indices for the tested cement samples have been
presented in column five of Table 6. The calculated values of H,y remain within the range
of 0.13-0.47. On the basis of obtained results, the presumption may be made that the lowest
values, H,,, were recorded for Portland cement: CM-1, CM-4, CM-5, CM-11, and CM-14.
On the other hand, the highest value H.y was obtained for samples of pozzolan cement,
ie., CM-3, CM-8, and CM-15, and for one sample of Portland cement with the addition
of slag ash CM-7. For all the tested samples of cement the H,, values were lower than
one, and hence it may be presumed that the tested materials are safe with view to natural
radioactivity. The distribution of H,, values has also been presented as a diagram on
Figure 7, where results have been grouped by the type of cement CEM-I, CEM-II, CEM-II],
CEM-1V, and CEM-V for all collected data, also from other studies, where there were data
possible to retrieve relevant information on the cement type.
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Figure 7. Histogram graphs for hazard indices E, Hey, H;y,, and I, for five types of cements, based
on such data from Table 4, for which the authors provided information on the type of cement. The
arrows indicate the weighted averages within the groups.

Average values of internal hazard indices for the tested cement samples were presented
in column six of Table 6. The calculated H;,, values remain within the range of 0.19-0.673.
Again, the highest H;,, values were recorded for samples of pozzolan cement (CM-3, CM-8,
CM-15) and Portland slag or fly-ash cements (CM-2, CM-7, CM-12), while the lowest
values were reached for samples CM-1, CM-4, CM-5, and CM-11, i.e., the Portland ones.
Furthermore, Figure 7 presents values of H,y and H;,, grouped appropriately for different
types of cements CEM-I (Portland cement), CEM-II (Portland composite cement), CEM-III
(blast-furnace metallurgic Portland cement), CEM-IV (pozzolan cement), and CEM-V
(composite cement being a mixture of Portland, slag and fly-ash cement, and pozzolana).
For each of the groups a histogram plot has been carried out that presents the distribution of
the values of given parameter within each group (the arrows indicate the means, Figure 7).
It is clear that on average the highest internal hazard index was recorded for pozzolan
cement, and the lowest one for Portland cement. Nevertheless, for all the cement samples
subjected to testing the values H;,, were lower than 1, therefore they may be considered
safe with respect to natural radioactivity.

Average values of gamma radiation activity for the tested cements were shown in the
seventh column of the Table 6. Values of I, remain within the range of 0.174-0.624. The
lowest I, values were obtained for samples of Portland cement, i.e., CM-1, CM-4, CM-5,
CM-11, and CM-14. On the other hand, the highest I, values were obtained for samples of
pozzolanic cements (CM-3, CM-8, and CM-15), and for slag or fly-ash cements (CM-2 and
CM-7). As regards to materials used in large quantities, such as cement, I, has to be lower
or at most equal to 1, so that the annual effective dose does not exceed the level of 1 mSv.
Calculated values of I, for the cement samples measured in this study were indeed lower
than one, therefore their usage is safe from the radiological protection point of view. Data
for I, have also been graphically presented on Figure 7.
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4. Discussion
4.1. General Discussion

The paper presents the concentrations of natural radioactive isotopes of radium (*?°Ra),
thorium (?*Th) and potassium (*9K) for various types of cements commonly used in the
construction industry. These are cements commercially available in Poland. The main
aim of this article was to show the problem of natural radioactivity of cement. The ra-
dioactivity of concrete as the final product obtained from the combination of coarse and
fine aggregate and a binder consisting of a mixture of water with cement and additives,
was not investigated on purpose. Such tests are planned after detailed determinations of
individual concrete components are made. Aggregate constitutes approx. 70-80% of the
total volume of concrete and has a significant impact on the characteristics of both fresh
concrete mix and hardened concrete. Aggregate of different fractions, i.e., different grain
sizes, should be used. Most often, fine aggregate is used—sand, and coarse—gravel. Earlier
studies of the authors showed that granite aggregate slightly exceeds the natural radioac-
tivity in comparison with other commonly used ones. The authors of the article notice a
number of advantages of granite aggregates. These advantages are presented in numerous
publications. As granites are becoming more and more popular as building materials,
the measurement of the concentrations of natural radioactive isotopes is also particularly
important in their case, due to the assessment of human exposure to ionizing radiation
emitted by them. It should be stated here that all other aggregates are characterized by
natural radiation at diverse levels.

As for the results of this study, first of all, presented data show that statistically (by
average) none of the tested cement types exceeded the values accepted as safe for human
life in the context of radiological protection, though some individuals did. The results
stay in accordance with most of other studies. Undeniably, in some cases the activity
concentrations were extremely high, but they were very rare cases, and bad statistics (low
sample size). This is why, in the authors’ opinion, it would be much preferred to perform
more measurements on cement types which were low-represented in the cited articles,
e.g., CEM-III (3 reported cases) and especially CEM-V cement types (2 reported cases).
With more data, one would be able to perform even better statistical analysis, especially to
verify dependencies between mean concentrations in each cement type and/or diversity
between the groups. Moreover, there would be a better chance of checking the normality
of the statistical samples in each group; for now—the samples are not normal, so non-
parametric tests have to be performed. This is not a great difficulty, but the non-normality
is indeed puzzling as there is no candidate for the genesis or explanation for this state.
Nonetheless, based on the data collected for the purpose of this paper, several conclusions
to be discussed emerged:

(1) Portland cements are these of lowest (by average) activity concentrations of 40K, 226Ra
and 232Th;

(2) Thereis a need to collect data with more additional information, including the types
of studied cement, to verify variability between various groups;

(3) Results from this study suggest that the highest by average activity concentration one
should expect in CEM-IV cements. However more data is needed to verify whether
these values for CEM-V are even higher or not; vide Figures 6 and 7;

(4) Kruskal-Wallis test, which is a non-parametric version of one-way ANOVA (i.e., compares
means between various groups), proves, on 95% significance level, that there are
significant differences of activity concentrations within groups (cement types), see
Table 7;

(5) Pairwise WMW tests comparing the data within cement types’ groups reveal that, at
95% significance level, one can postulate that:

a. the lowest concentrations of the natural radionuclides are in CEM-I type of
cements, i.e., Portland;
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b. CEM-II (slag, fly-ash or composite cements) possess higher activities of the
radionuclides than in Portland;

c. the highest values are observed in CEM-1V, see Table 7. As it is easily visible, in
all cases (activities of 4°K, 22°Ra, 232Th for all data or for this study data only) the
p value is significantly less than o = 0.05. Pairwise WMW tests were performed
for groups “CEM-1”, “CEM-II”, “CEM-III", and “CEM-IV” cement types.

(6) The question is whether the quite high correlation (determined for all collected data)
should be in a way explained; is it a very nature or a chance because of relatively small
size (n = 120)? The authors tend to conclude that this is not a random effect, but aug-
mented data would give more reliable answer and could reveal some dependencies
which at this moment are merely supposed. To clarify this, let us have a look again
at Figure 5. In all cases (Ra-Th, Ra-K, and Th-K), there is a main branch of a more or
less linear relationship, but there are a few data lying beneath (high concentration
of radium, low concentration of the other radionuclides). These values may be due
to several properties. First one is the geological origin, the second one—production
technology. One should notice that among the sparse data of small “°K concentration
and high ??°Ra concentration are those from Senegal [35], and samples are of CEM-
II, CEM-1II, and CEM-IV types, thus with fly ash or slag or other materials, which
may possess specific geological origin or specific production technology. The above-
mentioned main branch reflects the almost-linear relationship: the higher radium
concentration, the higher potassium and thorium concentration. Some data, however,
elude this pattern and more data would give a better inference.

Table 7. Results of Kruskal-Wallis and pairwise Wilcoxon-Mann-Whitney tests which, at a given
significance level, compare means of the features within given groups. In this article the features
are activity concentrations of the radionuclides, first for all collected data from Table 4 for which the
information on cement type was provided, next for the authors” own data only. The groups, in turn,
are cement types.

Statistics 40K 40K 226Ra 226Ra 232Th 232Th
—AIll Data —This Study —All Data —This Study —All Data —This Study
Kr“‘“’%;:/‘/alhs p=0220> o p=0355>a p=0162> p=0380>a p=0110> o p=0228>0a
Pairwise wnw  CEMFI>CEM-L  CEM-II>CEM-I CEM-Il>CEM-I  CEM-I>CEM-I  CEM-II>CEM-I CEM-I> CEM-I
o (p ~ 10-5) (p ~ 10-6) (p ~ 10-6) (p ~ 10-8) (p ~ 10-9), (p ~ 10-9),
coment tvmes ) CEMAIV>CEM-L - CEMAIV>CEM-I CEM-IV >CEM-I - CEMAIV >CEM-l  CEMAIV >CEM-L CEM-IV > CEM-I
P (p ~10-5) (p ~10-7) (p ~10-4) (p ~10-5) (p~10-4) (p ~10-5)

CEM-IV > CEM-I  CEM-IV>CEM-II CEM-IV>CEM-II CEM-IV >CEM-II CEM-IV >CEM-II CEM-IV > CEM-II

(p ~10-3)

(p ~ 10—4) (p ~10-3) (p ~ 10-5) (p =0.01) (p ~ 10-5)

(M “Cement types” is the grouping variable; one-side test, the alternative hypothesis is for being greater.

4.2. NORMS

The majority of radionuclides in NORM arise from uranium and thorium decay. Lots of
operations and activities induce concentration and redistribution of NORMs in the environ-
ment, wherein the major contributors come from mining and minerals processing facilities
(e.g., uranium mining and milling, copper/gold/tin/iron/lead/coal/granite/limestone
mines, phosphate rock mining, and production of phosphoric acid) and industrial processes,
among which the most important are operations producing building materials from mine
wastes (phosphogypsum and phosphate slag), fertilizer production utilizing phosphoric
acid, operations using fly ash from coal mines, the manufacture of catalysts and special
glasses from rare earths etc. [68]. Many researchers all over the world study the natural
radioactivity of these materials; therefore, the literature on this topic is very rich. For
example, publications of the group of researchers gathered under the Cost Action-Norm.
They provide extensive database which is formed as a tool for radiological assessment of
building materials [69-73].
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4.3. Aging Time

The secular equilibrium is achieved when activities of the parent and daughter nuclides
become equal. In the case of ??°Ra and ???Rn, based on simple calculations form the decay
law, at least seven times the half-time of radon is sufficient, hence 7 x 3.8 d ~ 28 d. However,
in many studies the researchers seal the samples for about 6 weeks (or 42-45 days), so
it looks interesting whether there is a statistically significant difference between activity
concentrations in both aging times applied, namely 30 days and 45 days. For potassium-40
being one of the primordial radionuclides, whose half-time equals 1.26 million years, there
is no difference between 30 and 45 days, indeed, and this fact is also reflected in statistical
analysis, summarized in Table 8 and Figures 8 and 9. Therefore, WMW test (with the use of
Hochberg method) was applied for two groups with samples sealed for 30 days and for
45 days.
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Figure 8. Comparison of activity concentration of the natural radionuclides in the case of 30-d
aging vs. 45-d aging. The comparison is made with the use of box-whisker plots. Medians in all cases
are almost equal.
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Figure 9. Comparison of activity concentration of the natural radionuclides in the case of 30-d aging vs.
45-d aging in the three types of cement: CEM-I, CEM-II, and CEM-IV. The comparison is again made
with the use of box-whisker plots. This time, medians are not always the same, see discussion.
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Table 8. Descriptive statistics and results of statistical tests performed to verify whether there exists a
statistically significant difference between activity of 40K, 226Ra, and 232Th in the cases of shorter and
longer aging time. WMW tests have been conducted with no division into groups of various cement
types, while weighted means with weighted deviations have been calculated within these groups.

Statistics Cement Types 40K Activity 226Ra Activity 232Th Activity
WMW Test Statistically Statistically Statistically
for Aging Time All Indistinguishable Indistinguishable Indistinguishable
30dvs.45d @ (p = 0.51) (p=0.19) (p = 0.56)
CEMI 30d (n=14)®@ 197 + 52 26.3+ 5.0 13.6 + 1.8
Weighted 45d (n=5) 197 + 46 220+41 141+13
mean + weighted 30d (n=23) 297 £ 60 53 £13 33.84+:9.6
deviation in CEM-II 45d (n=9) 304 + 58 524+ 5.6 329 + 6.0
particular groups 30d(n=7) 393 + 49 75.0 £3.7 445+ 4.0
CEM-IV 45d(n=2) 408 + 52 64.7 +2.1 469 +2.0

(@ Tests performed only within the group of data from this study, as the measurements of radioactivity of the
same sample were conducted for two aging times, the alternative hypothesis is for being lesser. @ In brackets is
the sample size in a given group.

The result is that there is no statistically significant difference, since p value is always
greater than « = 0.05. The construction of WMW test is that only when p < «, one is able
to reject the null hypothesis in favor of the alternative one which in this case sounds “the
average activity concentration of a given radionuclide in the group of cement samples
sealed for 45 days is lesser than in the group of samples sealed for 30 days”. When one
considers the whole groups of samples, with no division into cement types, the answer
is obvious: one cannot reject the null hypothesis, and there is no visible difference, see
also Figure 8.

Nonetheless, in the case of radionuclides from the uranium decay series, some shift
reveals when considering activity concentration within groups CEM-I and CEM-IV. Under
discussion would be whether the shift is statistically significant since one concludes from
14 vs. 5 cases (CEM-I) or 7 vs. 2 cases (CEM-1V), see also Table 7, where also some descrip-
tive statistics has been presented, i.e., weighted mean and weighted deviation within each
group under study.

Though the medians in all cases of activity concentrations are almost equal for “°K and
232Th, Figure 8, the medians within particular cement types may differ for 22°Ra, which is
the radionuclide of the interest when one spokes on secular equilibrium. Therefore, even
though statistical tests for all cement types did not allow to claim that activity of ??°Ra was
less for 45-d aging than for 30-d aging, more data should be given for particular cement
types, especially those with high concentrations of radium-226.

5. Conclusions

Based on the performed research, it was found that CM-8 and CM-15 pozzolanic
cements containing silica dust, natural and industrial pozzolana and silica fly ash turned
out to be the least safe in terms of radiological protection. It had the highest values of Ra.g,
D, E, Hy, Hjy, 1y, and I, parameters; however, it was still beneath the accepted limits. The
most safe materials in terms of radioactivity turned out to be Portland cements CM-1, CM-4,
CM-5, CM-11, and CM-14, which did not contain any additives in the form of ashes or slags.
Despite the fact that the use of mineral cement additives is justified from the point of view
of reducing energy consumption, reducing CO, emissions and increasing the durability of
concrete, the negative impact of these treatments should also be taken into account.

As shown in the analyzes presented in this paper, waste additives in the form of fly ash
and blast furnace slag may result in an increase in the concentration of natural radioactive
radionuclides. The use of cements with this type of additives is therefore recommended
in such buildings where the permanent contact of cement products with living organisms
is limited. They can be successfully used in engineering facilities such as roads, bridges,
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viaducts, ports, etc. Based on the results of the analysis, it is recommended to use cements
without additives in building elements where the contact of living organisms with cement
products is permanent or long-lasting. Taking into account the potential composition
variability of the waste substances themselves, their variable amount and variable residues
after co-incineration, it is considered necessary to constantly monitor the concentration of
natural radioactive radionuclides of potassium (*°K), radium (*?°Ra) and thorium (**2Th)
in cements available on the market.
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