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Abstract

Poor storage of industrial wastes has been a cause of land contamination issues. These wastes or by-products have
the potential to be used as secondary raw materials in construction, promoting the concept of a circular economy
that will avoid land contamination. Here we evaluate radiological environmental impacts when wastes that contain
elevated levels of naturally occurring radionuclides (NORs) such as red mud, fly ash and ground granulated blast
furnace slag are made into ‘green cements’ such as geopolymers or alkali-activated materials (AAMS). During the
study, three AAM concrete and mortar series with various mixing ratios were prepared and investigated. The NOR

content, I-Index, radon emanation and exhalation of the precursor waste materials and their cement products were
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measured and calculated and the strength of the cement products was compared. The emanation and the exhalation
properties were calculated for the final products, weighing the data of the components as a function of their mixing
ratio. The I-index alone suggested that the AAMs would be suitable products. AAMs containing ground granulated
blast furnace slag exhibited the lowest radon exhalation and higher compressive strength, while the fly ash and red
mud AAMs had increased final radon exhalation. In the case of fly ash, alkaline activation of fly ash dramatically
increased the radon exhalation; the highest measured fly ash exhalation was 1.49 times of the theoretically
calculated exhalation value. This highlights the increased risk of using fly ash as a component in AAMs and the

need to carry out testing on the final products as well as individual secondary raw materials.

Keywords: Gamma spectrometry; Radon emanation; Radon exhalation; Geopolymer; Alkali-activated material;

Secondary raw materials
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Highlights

Three alkali-activated materials were prepared using secondary raw materials

The radiological properties of the secondary raw materials and AAMs were determined

The fly ash content increased the radon exhalation during alkali activation

Increasing GGBFS content resulted in better radiological and strength property
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1. Introduction

Increasing use of recovered wastes or secondary raw materials in construction products is a crucial step to tackle
the depletion of primary raw materials and promote the development of a circular economy (European
Commission, 2015). However, before industrial secondary raw materials can be allowed for reuse or recycling in
the built environment, it is crucial to assess and control any impact on human health or the environment. Indoor
air quality is affected by numerous factors, e.g. chemicals, radon, particulate matter, dust and moulds that can have
an adverse effect on the health of the inhabitants (EEA-JRC, 2013). To avoid a potential negative impact on the
indoor air quality, advanced but straightforward techno-economical solutions are required. These include science-
based policies of monitoring and control of construction materials during production, throughout the construction
lifespan and eventually in future reuse. Secondary raw materials have the potential to be utilised in large quantities,
e.g. as solid binders in alkali-activated material (AAM) type cements with performance comparable to Portland
cement. For the production of new ‘green’ forms of concrete (Bontempi, 2017), the use of AAMs incorporating

industrial secondary raw materials can significantly reduce the CO, emissions (Van Deventer et al., 2010).

A specific problem with the use of industrial secondary raw materials is that they may contain elevated
concentrations of naturally occurring radionuclides or NORs (Kovacs et al., 2017a; Sas et al., 2017; Schroeyers et
al., 2018), which can significantly contribute to the radiation dose of residents (United Nations Scientific
Committee on the Effects of Atomic Radiation, 2010). This occurs via two exposure pathways. The first is external
exposure directly caused by the emitted gamma radiation from the NOR present in the building materials. Some
recent papers presented the latest collections of activity concentration data of natural radionuclides (Ra-226, Th-
232 and K-40) in building materials (Sas et al., 2017; Schroeyers et al., 2018; Trevisi et al., 2018). These
collections also include radiological information about some NORM residues and by-products (by-product
gypsum, metallurgical slags, fly and bottom ashes and red mud) which can be of radiological concern if reused in
building materials as secondary raw materials. The second pathway is the internal exposure by the inhalation of
radon (Rn-222) and its radioactive short and long-lived progenies which can be found in the decay series of U-

238. After inhalation of radon, the radon progenies (mainly alpha and beta emitters) are predominantly responsible
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for the irradiation of the cells of the pulmonary system. Radon is estimated to cause between 3 and 14% of all lung
cancers, depending on the average background radon levels. In Europe, this corresponds to 20,000 deaths every

year (Darby et al., 2005; Dubois and Bossew, 2006).

The exposure of inhabitants from building materials that contain NORs comes mainly from radon. According to
the EU-BSS, the reference level for indoor radon is 300 Bg/m® which should be kept in both dwellings and
workplaces (European Union, 2014). WHO (2016) recommends only 100 Bg/m? average radon concentration.
Natural soils constitute the main source of the indoor radon, but the contribution from building materials is
becoming more significant as the use of ‘green cement’ increases. Radon levels in buildings can vary greatly over
time (Sainz et al., 2009). Due to the increase of energy efficient building designs, reduction in ventilation rates
increases the indoor radon levels (Vasilyev et al., 2017). The radon exhalation of building materials dramatically
depends on the properties of the material matrix such as the Ra-226 activity concentration, its distribution within
the matrix, the moisture content, thickness of the material, the permeability which influences the radon diffusion
length (Keller et al., 2001), and the emanation factor (Sahoo et al., 2011). The emanation factor is the ratio between
the amount of the radon atoms exiting the matrix into the pore space and the total amount of radon atoms generated
in the matrix. These parameters determine the final exhalation properties of the material matrixes. It is not possible
to remove the Ra-226 content from building materials, so the screening of secondary raw materials in advance can
help to avoid elevated levels of Ra-226 as a radon source. Good design, especially the reduction of the emanation
factor, is the key to reducing the exhalation rate of construction materials (Hegedus et al., 2016; Kovacs et al.,
2017b; Sas et al., 2013, 2015a). The formation of final matrix properties can affect the emanation and the
exhalation properties depending on the components, their mixing proportions, the Ra-226 content and their
interaction (Gijbels et al., 2018). A tool that considers radon can be useful for controlling the exposure of
inhabitants especially for the recycling of industrial secondary raw materials in AAMs where additional
measurements are desirable. However, there is no standardised, industrially useful method for screening the radon
and its release rate from building materials. In general, radon exhalation should be kept as low as possible in
construction materials. There is a lack of information regarding the impact of construction materials on the

emission of radon, especially from new green cements such as alkali-activated materials.
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The aim of this research is to determine the NOR content of the industrial secondary raw materials (red mud, fly
ash and ground granulated blast furnace slag) alongside sand, aggregate, and the final alkali-activated materials
using gamma spectrometry. In addition, we aim to measure the massic exhalation and the radon emanation factor
using the closed accumulation chamber technique, so that we are able to compare the emanation and exhalation
properties of the secondary raw materials and the final alkali-activated materials considering mixing ratios together
with the components’ emanation and exhalation data. The geopolymerisation process may result in a
geopolymerisation product that have rather different exhalation and emanation properties than the sum of its raw
materials. The purpose of the radiological characterisation in this research is to provide a clear and conclusive test
of this research hypothesis. The second research hypothesis is that there is a link between the strength and the
radiological characteristics of geopolymers. Measuring the 28 days compressive strength property of the final

alkali-activated materials is aimed at testing this second research hypothesis.

2. Materials and methods

2.1 Raw materials

Three different types of industrial secondary raw materials — fly ash (FA), ground granulated blast furnace slag
(GGBFS) and red mud (RM), alongside sand (SAND) and basalt aggregate (AGG) were used to prepare AAM
concrete and mortar sample series. The FA is generated during coal combustion. The amount of the generated
residue depends on the inert mineral content, which can vary between 5 and 30%. This residue consists of the non-
combustible inorganic part of the coal that remains after the burning as ash or a slag type residue. The GGBFS is
produced during iron production. The production of iron from raw materials (iron ore, pellets, sinter, flux and slag
producing material such as limestone or dolomite, coke for fuel) uses blast furnaces. Blast furnace slag is also
generated which is then granulated and ground into a by-product (Kovacs et al., 2017a). The fly ash used in this
study was siliceous and was obtained from Power Minerals Ltd., Drax Power Station, North Yorkshire, UK. The
slag was supplied by Civil and Marine Ltd-Hanson Company, member of the Heidelberg Cement Group, Essex,
UK. The fly ash and slag conform to BS EN 450-1 (2012) and BS EN 15167-1 (2006), respectively. Red mud is a

slurry type alkaline material, the by-product of aluminium production, which is generated as a result of the Bayer
6
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process using hot (150-200°C) NaOH solution to digest the ore (Kovacs et al., 2017a). It has a dark red colour
owing to its high iron content. The disposal of the red mud is problematic owing to its properties, e.g. high
alkalinity (pH >11), high water content ~60%, and its physical features similar to wet clay (Ayres et al., 2001)
which has caused land contamination issues. Red mud was received from Aughinish Alumina Ltd., Limerick,
Ireland. The chemical composition of the component materials was determined by the X-ray fluorescence (XRF)
method (Fig. 1). The equipment used was a PANalytical Axios Advanced XRF spectrometer. XRF analysis was
carried out on fused glass beads prepared from ignited powders of the materials. The results, which were quoted
as weight percent, were analysed using PANalytical SuperQ software using reference samples and artificial

analogues. LOI was determined by igniting the materials at 950°C for 1.5 h.

Composition of major elements in Oxide form (%)
0.0
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RM 858 1017 1625 - 005 007 564 009 468 032 016 023 025 001 035 021 0.00 000 000 001 233
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FA 148 [ 132 45 145 10 180 57T T4 19 22 59 163 156 140 15 A 17 5 |88 22 10 49 3 65 233 227
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RM m 19 125 8 m T 60 99 63 10 180 35 0 m L] 4 52 4 0 124 129 15 926 16 112 &3 m
SAND 3 600 46 21 119 0 2 16 2 2 13 13 4 4 mn 0 19 0 0 18 3 2 1 0 2 3 1M

Composition of trace elements (ppm)
3000

Fig. 1. Major and trace element composition of secondary raw materials (FA = fly ash, GGBFS = ground

granulated blast furnace slag, RM = red mud), aggregates (AGG) and sand (SAND).

2.2 Alkali-activated material casting and curing

All the components for the emanation and exhalation study were dried to constant mass at 105°C for 24 h. For the

emanation and exhalation study, it is necessary to remove the entire moisture content from the matrix because it
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can dramatically increase the emanation factor. Only 1-2% moisture content can increase it by 50-100%. This
temperature is commonly used before radon exhalation measurements. The main focus of the research was to
investigate the radiological properties of AAM containing secondary raw materials with a variety of mixing ratios.
For this investigation, GGBFS containing concrete mixes, i.e. G series (Bondar et al., 2016) and FA and GGBFS
containing mortar mixes, i.e. F/G series with a constant sand to binder ratio (Rafeet, 2016) were used. Red mud
and GGBFS mixes (R/G series) were also prepared using the same constant sand to binder ratio as the F/G series.
As such, the mix design has followed previous experience in the research group, but it should be noted that there
is no standard mix design method for AAM concrete and therefore the mix designs used in this work were
essentially through trial and error, completed in previous experiments as cited above. All components were
separately dried to constant mass at 105°C for 24 h. Next, the materials were separately added to the mixer, firstly
the sand (sand and aggregate in the case of G series), secondly the binder material. The mixes were dry blended
for 2 min until a homogeneous mixture was acquired. Sodium hydroxide solution, sodium silicate solution (in the
case of G and F/G series) and water were combined and then added to the mixture and stirred continuously for 5
min. For F/G series, the upper limit was 70% (w/w) to the GGBFS content because a mix with higher weight ratio
had a setting time of about 5 min, which is too short to be manageable for construction purposes. This procedure
was also used by Rafeet (2016) to examine a variety of mechanical properties of these similar mixes. In the case
of the red mud secondary raw material, the alkalinity of the red mud was sufficient without the need for any alkali
activating solution. The mixing proportions of the sample series are listed in Table 1. In this table, water (kg/m?)
includes the water in the alkali solutions, to make the water to binder ratio parameter comparable with water to
cement ratio in Portland cement mixes. For this reason, actual kg/m? values of the alkali solutions are not given in
the table, to avoid double counting the amounts of water in these solutions. Also, as the alkali solutions from
different sources can have different concentrations, the kg/m? of the alkali solutions needed will vary, even for the
same NaOH % and Ms values, if the solution concentrations change. Providing NaOH % and Ms values only will
accommodate whatever concentrations of these solutions used in practice. In the table, NaOH in wt% of the total

FA and GGBFS amount is given. Ms is the SiO»/Na,O ratio in alkali solutions.



157  Table 1. Mixing proportions of component including fly ash (FA), red mud (RM), ground granulated blast furnace slag (GGBFS), sand (SAND) and
158  aggregates (AGG) used for alkali-activated material (AAM) sample casting of the ground granulated blast furnace slag (G), fly ash and ground granulated

159  blast furnace slag (F/G) and red mud and ground granulated blast furnace slag (R/G) series.

Mix FA or RM (kg/m®)  GGBFS (kg/m®) SAND (kg/m® AGG (kg/m®) Water (kg/m?®) Water to binder ratio  NaOH (Wt%) Ms
G1 - 300 778 1158 180 0.60 4 0.45
G2 - 360 677 1008 250 0.70 4 0.45
G3 - 400 675 1005 240 0.60 4 0.45
G4 - 400 697 1037 220 0.55 4 0.45
G5 - 400 675 1005 240 0.60 6 0.45
G6 - 400 697 1037 220 0.55 6 0.45
G7 - 400 697 1037 220 0.55 8 0.45
G8§ - 400 697 1037 220 0.55 4 1.00
F/G 70/30 350 150 1375 - 185 0.37 5.8 0.80
F/G 60/40 300 200 1375 - 185 0.37 5.8 0.80
F/G 50/50 250 250 1375 - 185 0.37 5.8 0.80
F/G 40/60 200 300 1375 - 185 0.37 5.8 0.80
F/G 30/70 150 350 1375 - 185 0.37 5.8 0.80
R/G 50/50 250 250 1375 - 185 0.37 - -
R/G 40/60 200 300 1375 - 185 0.37 - -
R/G 30/70 150 350 1375 - 185 0.37 - -
R/G 20/80 100 400 1375 - 185 0.37 - -
R/G 10/90 50 450 1375 - 185 0.37 - -

160
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The mixed specimens were put into the moulds and compacted on a vibrating table. For the G series, $100x200
mm cylinders and 100x100x100 mm cubes were used. For the F/G and R/G series, 50x50x50 mm cubes were
used. Such small cubes for mortar mixes were used successfully in recent work by the group, in, e.g., Aiken et al.
(2018). The samples of G series were made in previous experimental work and were used here to study the
radiological properties. The samples of F/G and R/G series were prepared in this work. Concrete samples, as in
the case of G series, needed to have larger sizes than mortar samples, as in the case of F/G and R/G series. Form
the radiological point of view, the sample dimensions do not have an effect on the NOR content and the massic
exhalation. The moulded specimens were covered with plastic sheets and left in the casting room for 24 h at room
temperature except for the R/G series. As a result of a trial experiment, it was found that curing at room temperature
of R/G series did not cause any hardening. Therefore, the R/G mixes were cured at 70°C at first for 24 h. After 24
h of curing each sample series, they were demoulded and kept in a sealed plastic zip bag to avoid drying. The zip
bags of the G and the F/G series were stored at room temperature, while the bags of the R/G series were stored at

70°C until testing.

2.3 The compressive strength of alkali-activated materials

The compressive strength was tested using a 3000 kN Matest compression testing machine motorised with a Servo-
Plus Evolution control unit for fully automatic tests, to test cubes up to 200 mm side and cylinders up to $160%320
mm. For the F/G and the R/G cubic mortar series, the compression rate was set at 0.6 MPa/s and the start load was

set at 0.5 kN. The compressive strength tests were performed according to BS 12390-3 (2009).

2.4 Determination of naturally occurring radionuclide with gamma spectrometry

For gamma spectrometry, the dried, ground and sieved components (<5 mm) and AAM samples after 28 days
curing were stored in radon-proof polystyrene sample holders equipped with a dense threaded stainless-steel cap
for 27 days to achieve the secular equilibrium between the Ra-226 and the Rn-222 and its short-lived decay
products of Pb-214 and Bi-214. The gamma spectrometry was performed with a high purity broad energy

germanium detector (Canberra BE5025-7500SL) with a 50% nominal relative efficiency shielded with copper-
10



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

lined lead shield designed for low-activity measurements. Canberra ISOCS/LabSOCS was used for efficiency
calibration by inserting all relevant parameters, including sample composition and density, geometry dimensions,
materials and detector configuration and position, for each measurement. Sample measurement time was 80,000 s
and spectra were corrected by subtracting the background spectrum. To obtain the Th-232 content, the gamma line
of Pb-212 at 238 keV and TI-208 at 583 keV were used. The Ra-226 activity concentration was determined via
the Rn-222 progenies (Pb-214 at 351 keV and Bi-214 at 609 keV) while the K-40 content was calculated from the

data of 1461 keV gamma peak (Shakhashiro et al., 2012).
2.5 Massic radon exhalation rate

The accumulation chamber technique is commonly used to determine the massic exhalation rate (Friedmann et al.,
2017). After the gamma spectrometry, the samples were enclosed in radon-tight polycarbonate accumulation
chambers equipped with stainless steel valves. A polycarbonate cap was tightened and fitted with an O-ring gasket
to the columns. To ensure the radon free initial sample conditions at the beginning of the accumulation period, the
chambers were vacuumed three times and finally aerated with radon free airflow (Sas et al., 2015b). During
sampling, the accumulation chamber was connected to a looped leakproof radon pump with 5 L/min flow rate and
an RD200 (200 cm?® chamber with a counting efficiency of 0.81 CPH/Bg/m?®) ionisation chamber manufactured by
FTLab placed in acrylic housing. The detector has +10% measurement precision at 370 Bg/m?. To ensure the
secular equilibrium between the Rn-222 and its short half-life alpha emitting progenies of Po-218 and Po-214 and
to avoid the Rn-220 contribution, the results of the first 3 h from the sampling were ignored (Jonas et al., 2016).

The massic exhalation was calculated according to the following formula (Sas et al., 2015a):

C,V At
m-t 1l-e™

E =

Mass

where C; = accumulated radon concentration in the measurement kit during sampling [Bq/m?®], Emass = massic
exhalation rate [mBg/(kg h)], t = accumulation time [h], V = volume of the accumulation kit [m*], m = mass of the

sample [kg], A = leakage corrected decay constant of radon [h™1].
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2.6 Calculation of emanation factor

The emanation factor of the samples was calculated from the Ra-226 content obtained with gamma spectrometry

and the equilibrium radon concentration calculated from the massic exhalation of the samples:

Rn,,
&= -100

Ra-226

where € = emanation factor (%), Rneg = equilibrium radon concentration and Cra26 = Ra-226 activity

concentration.

2.7 Error calculations

For compressive strength testing, three cube samples were tested for each condition. Average values are reported
in Section 3.1. In the case of F/G and R/G series, standard deviation is reported. In the case of G series, blanket

errors of 3 or 5 MPa are used, taken from Bondar et al. (2016) where the strength data was first reported.

In the determination of naturally occurring radionuclide with gamma spectrometry, the 1 sigma error was

calculated by the LabSOCS sofware and reported in Section 3.2.

For massic radon exhalation, error values were derived from the sensitivity of the instrument, using information
provided by manufacturer, and reported in Seciton 3.3. The errors of the exhalation results were used to calculate

the errors of emanation; the two parameters have the same relative error.

For the linear regression reported in Section 3.3, the trendlines were placed with 95% confidence bands to represent
the uncertainty in an estimate of a curve or function based on limited or noisy data. As confidence intervals refer
to a single point, they are narrower (at this point) than a confidence band which considers many points (Hérdle et

al., 2004).

12



229 3. Results and discussion

230 3.1 Compressive strength of alkali-activated materials

231  The compressive strength of the AAM sample series is presented in Table 2. Data for G series is from Bondar et
232 al. (2016). Data for F/G series is from Rafeet (2016).

233

13



234  Table 2. Compressive strength of samples at 1 day, 2 days, 7 days and 28 days in megapascals (MPa) giving
235  averages of three replicates and blanket errors in ground granulated blast furnace slag (G) series and standard
236  deviations in fly ash and ground granulated blast furnace slag (F/G) and red mud and ground granulated blast

237  furnace slag (R/G) series.

Mix 1 day 2 days 7 days 28 days
G1 - 15+3 1945 2745
G2 - 11+3 14+5 2245
G3 - 15+3 2045 2645
G4 - 18+3 2245 305
G5 - 2143 26+5 36+5
G6 - 25+3 3215 4415
G7 - 3843 475 5445
G8 - 26+3 3445 4845
F/IG 70/30 9.9+15 - 18.1+0.6 47.9+2.7
F/G 60/40 17.6+3.2 - 44.7+3.7 47.9+5.6
F/G 50/50 15.61.0 - 38.2+2.4 50.3+0.2
F/G 40/60 26.1+1.3 - 45.8+3.4 63.0+0.7
F/G 30/70 24.7+2.3 - 71.6+11.5 77.0£7.0
R/G 50/50 0 0 4.0+04 6.5+0.3
R/G 40/60 0 4.3+0.3 3.9+0.9 6.4+0.3
R/G 30/70 0 6.51£0.1 5.810.4 7.0£0.5
R/G 20/80 0 6.9+0.4 6.5+0.9 7.1+0.2
R/G 10/90 0 7.1£0.4 6.41£0.5 8.0£0.1

238

239 Different sample series had different type of AAMSs. Some were concrete, and some were mortar, with different

240  sample sizes. So, results from different series cannot be compared. In the case of the G series of AAM concrete,
14
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the highest compressive strength of 54 MPa after 28 days was found for the G7 mix. The F/G and the R/G mortar
sample series were prepared with a constant sand/binder ratio. The FA containing sample series showed the
increasing compressive strength tendency with the decreasing FA content. The R/G series was made without
activators due to the high pH of red mud. However, the compressive strength results of that series were meagre

compared to other mixes.

3.2 Naturally occurring radionuclide content

The activity concentration values of NORs obtained with gamma spectrometry are presented in Table 3. The Ra-
226, the Th-232 and the K-40 content of the components range between 0.6 and 186 Bg/kg, 1.0 and 452 Bq/kg,
and 34 and 743 Bg/kg with an average of 93 Bg/kg, 120 Bg/kg, and 282 Bag/kg, respectively. The basalt aggregate
and the sand samples had the lowest NOR content resulting in I-index values of 0.02 and 0.32, respectively. In the
case of the secondary raw materials, the red mud had the highest Ra-226 (186 Bg/kg) and Th-232 (452 Bg/kg)

activity concentration values. The K-40 content was the highest in the case of the FA sample (743 Bg/kg).

Table 3. Naturally occurring radionuclide (NOR) content and radon exhalation and the emanation properties of
secondary raw materials (FA = fly ash, GGBFS = ground granulated blast furnace slag, RM = red mud), aggregates
(AGG) and sand (SAND) where the 1 sigma error for NOR contents was calculated by the LabSOCS software and

the errors for exhalation and emanation were derived from the sensitivity of the instrument.

Material Ra-226 (Bg/kg) Th-232 (Bg/kg) K-40 (Bg/kg) Exhalation (mBg/kg h)  Emanation (%)

FA 139410 8216 743131 (max.) 13+2 1.2+0.1
GGBFS  126+9 44+3 11746 6+1 0.6+0.1 (min.)
RM 186+13 (max.) 452431 (max.) 3742 12148 (max.) 9+1

AGG 0.60.2 (min.) 1.0£0.2 (min.) 342 (min.) 0.7+0.2 (min.) 15+5 (max.)
SAND 13+1 2242 477120 7+1 7+1

Average 93 120 282 30 7
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The NOR content of the secondary raw materials was compared with recently published NOR databases, including
By-BM NOR Database (Sas et al., 2017, 2019), NORM4Building database (Schroeyers et al., 2018; Sas et al.

2019), and EU NOR Database (Table 4) (Trevisi et al., 2018).

Table 4. Naturally occurring radionuclide (NOR) content (Bg/kg) of secondary raw materials (FA = fly ash,
GGBFS = ground granulated blast furnace slag, RM = red mud) in Becquerel/kilogram found in the updated

European NOR database.

Material Ra-226 Th-232 K-40

Min Max Average Min Max Average Min Max  Average
FA 75 815 191 37 140 91 157 900 561
GGBFS 15 336 139 1 152 65 20 786 249
RM 97 301 205 118 539 327 50 215 95

The Ra-226 content of all the secondary raw materials was lower than the average value in the NOR databases.
The Th-232 activity concentration was found to be lower than the average value in the case of the FA and the
GGBFS in all the databases. The measured Th-232 content for red mud was higher than the average reported in
the By-BM and the EU NOR databases. The K-40 content of the FA was higher than all the database values while
the GGBFS and the red mud contained lower K-40 activity concentration than the average values in all datasets.
Overall, despite certain excess isotope activity concentrations, all results approximate well with the average values
reported in the NOR databases. The NOR content of the prepared samples series is given in Table 5. All the
samples in each series had I-index value significantly lower than 1.0. The highest result was obtained in the case

of the red mud-containing AAMs.
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Table 5. Naturally occurring radionuclide (NOR) content, calculated I-index and radon exhalation and the

emanation properties of the three studied different alkali-activated material (AAM) sample series where the 1

sigma error for NOR contents was calculated by the LabSOCS software and the errors for exhalation and

emanation were derived from the sensitivity of the instrument.

Mix Ra-226 Th-232 K-40 I-index Exhalation Emanation
(Barkg) (Barkg) (Balkg) (mBa/kg h) (%)

G1 21+2 (min.)  14+1 (min.) 17948 0.20 (min.) 9.1+#1.3 (max.)  6.0+0.9 (max.)

G2 2542 161 194+9 0.22 5.5+1.0 3.1+0.6

G3 25+2 15+1 17618 0.22 6.6£1.0 3.5£0.5

G4 25+2 14+1 (min.) 15448 0.20 (min.)  3.7+0.7 1.9+0.4

G5 28+2 16+1 156+8 0.23 7.3x1.1 3.9+0.6

G6 2812 16+1 18148 (max.) 0.23 2.6x0.7 1.4+0.4

G7 2912 (max.) 1741 (max.) 17048 0.24 (max.) 2.5£0.5 (min.) 1.3+0.3 (min.)

G8 2542 15+1 1417 (min.)  0.20 (min.)  8.4+0.9 4.5+0.5

Average 26 16 160 0.22 5.7 3.2

F/G70/30 38+3 (min.) 31+2(min.) 511%22 0.45 10.4+1.4 (max.) 3.4%0.5 (max.)

FIG 60/40  42+3 3442 548+23 (max.) 0.49 (max.) 6.8+0.9 2.2+0.3

F/G50/50 44+3 (max.) 36+3(max.) 502+21 0.49 (max.) 5.2+0.8 1.7+0.3

F/G 40/60 433 3613 (max.) 488121 0.48 4.3+0.6 1.4+0.2

F/G 30/70  39+3 3442 400£19 (min.)  0.44 (min.)  3.4+0.6 (min.)  1.1+0.2 (min.)

Average 41 34 490 0.47 6.0 2.0

R/G50/50 48+3 (max.) 785 (max.) 288+13 (min.) 0.65(max.) 15.9£2.0(max.) 4.6+0.6 (max.)

R/G 40/60 45%3 62+4 343+15 0.57 13.5+1.8 4.0+0.5

R/G 30/70 4343 56+4 339+15 0.54 11.8+1.4 3.6+0.4

R/G 20/80 463 50+3 35942 (max.) 0.52 10.4+1.2 3.3x0.4

R/G 10/90 4243 (min.) 37+3 (min.) 35115 0.44 (min.)  9.0+0.7 (min.) 2.92£0.2 (min.)

Average 45 57 336 0.54 121 3.7
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3.3 Radon emanation and massic exhalation

The radon exhalation and the emanation properties of the component materials and of the AAM series are included
in Tables 3 and 5, respectively. As was expected from the results of the secondary raw materials, the red mud-
containing mixes had, on average, the highest exhalation and emanation. The FA containing mixes demonstrated
the second highest exhalation rates, but surprisingly their average emanation factor was the lowest among the three

studied AAM mix series.

The effect of microstructural changes that occur during the formation of AAMs can have a significant effect on
the emanation and exhalation properties (Sas et al., 2015a) of the final product. To investigate the effect of the
AAM formation on these parameters, the measured emanation factors and massic exhalation values of the samples
were compared to theoretically calculated reference levels which were obtained by the weighting of the emanation
and exhalation properties of the components as a function of sample mixing proportions. The reference levels for

the emanation factors and the massic exhalations were calculated with the following equations:

where £ is the calculated weighted emanation factor (reference value of the mixture), ¢; is the emanation factor

of the certain component used in the mixture, m; is the mass of the component in the mixture.

n

_ 4i=1 Emassimi

Emass = no
i=1 l

where Ej, 5 is the calculated weighted emanation factor (reference value of the mixture), Ep,qqs; IS the massic

exhalation of the certain component used in the mixture, m; is the mass of the component in the mixture. This
method is not suitable directly for prediction of the final emanation and exhalation properties of mixes, because

these parameters greatly depend on the nanostructure of the formed matrix. However, it does provide a reasonable
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check of the relative changes and identifies the effect of different mixing ratios on radon emanation and exhalation

properties. In Fig. 2, the measured and calculated emanation and exhalation values are illustrated.

Emanation calc [%] Exhalation calc [mBq/kg h]
+ x o + *
F + x o+ x
@ F + x o+ x
FIG + X b x
G + b + O X
RG + X e ) x
R/G + X (€ J x
3 ®o + x o+ x
RG + X o + X
RA - x o + X
4 6 1.0 15 5 10 15 L0 15
Emanation meas [%:) Emanation Meas/Calc Exhalation meas [mBq/kg h] Exhalation Meas/Calc

Fig. 2. The measured (marked with circles) and calculated (marked with +) emanation and exhalation values and
their ratios (marked with x) in the case of fly ash and ground granulated blast furnace slag (F/G) and red mud and

ground granulated blast furnace slag (R/G) series.

With each series of AAM mixes, there was an increasing trend observed for both the measured and the calculated

emanation and exhalation values that related to the increasing fly ash or red mud content.

Although all the measured and the calculated observations showed an increasing trend, the comparison of the value
pairs (measured and calculated values of individual mixes) showed that the formation of the AAM matrixes
influenced the emanation and exhalation properties more than would be expected if only the initial properties of

the components are considered. The Measured/Calculated emanation values were significantly below 1.

The final exhalation property showed different behaviour in the fly ash and the red mud-containing AAMs (Fig.
2). In the case of fly ash AAM (F/G series), the lowest FA containing mix had a 0.54 ratio, while for the highest
FA content the final exhalation was 1.49 times of the theoretically calculated exhalation value. We have

demonstrated that as fly ash content increases there is also a substantial increase in the final exhalation values.
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This is not expected at all. In general, fly ash has closed spherical structure which does not open significantly in
the case of normal concretes. The alkali activation has very different effect on the fly ash resulting in intensified
exhalation. The Measured/Calculated exhalation ratio of the red mud-containing R/G series showed the opposite
tendency. The increasing red mud content decreased the Measured/Calculated exhalation ratio from 1.06 to 0.82.
From these results, it can be concluded that the fly ash containing AAMs can pose an elevated risk due to radon
exhalation. This emphasises the necessity of measuring radon exhalation characteristics as a function of the fly
ash content and other influencing parameters, e.g. water content, activating solution to monitor the exhalation
properties of the final product. In the case of the G series, neither the component ratios nor the activating solution
were kept constant, which resulted in scattered output, from which it was not possible to make conclusions from

the exhalation values.

To investigate the role of individual components on the final emanation and exhalation properties of the series
directly, the measured emanation and exhalation parameters were compared with the FA, GGBFS and red mud,

GGBFS content in the F/G and R/G series, respectively. The results are presented in Fig. 3.
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Fig. 3. The measured emanation and exhalation properties compared with the fly ash (FA), red mud (RM) and
ground granulated blast furnace slag (GGBFS) content in the fly ash and ground granulated blast furnace slag
(F/G) and red mud and ground granulated blast furnace slag (R/G) series where the trendlines were placed with

95% confidence bands.

In the case of the G series, the non-systematic sample composition did not make correlation analysis possible. In
the case of the F/G and R/G series, a strong correlation was found between the different component contents and
the emanation and exhalation properties. In both series, the increasing GGBFS content resulted in significantly
decreasing emanation (R? = 0.897 and 0.985) and exhalation (R?=0.899 and 0.987), while the fly ash (emanation
R? = 0.893) (exhalation R? = 0.896) and the red mud (emanation R? = 0.984) (exhalation R? = 0.985) content

significantly increased both parameters.

In general, the mechanical properties are the primary objective of construction materials related research studies.
However, the radiological parameters are also critical to create safe building materials. The GGBFS, FA and the
GGBFS, red mud content, the I-index and the exhalation property of the final products were also compared with

the 28 days compressive strength (Fig. 4).
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Fig. 4. Comparison of the fly ash (FA), red mud (RM) and ground granulated blast furnace slag (GGBFS) content,
I-index and exhalation with 28-day compressive strength (CS) properties in the fly ash and ground granulated blast
furnace slag (F/G) and red mud and ground granulated blast furnace slag (R/G) series where the trendlines were

placed with 95% confidence bands.

In the case of the G series, no correlation was found between the strength property and the GGBFS content within
the current test matrix. In the case of the F/G and the R/G series, the increasing GGBFS content resulted in
increased compressive strength, while the other secondary raw materials decreased the strength. The I-index of
the F/G and the R/G series showed a decreasing tendency with the compressive strength. Primarily, the R/G series
showed a strong negative correlation with the strength property. In the case of the F/G series, the NOR content of
the GGBFS and the FA was similar, so the final I-indexes of the mixes also were similar. In Fig. 3, the increasing
FA or red mud content correlated with a significantly increasing radon exhalation tendency, which was similar to

the case of the strength data. Those components also decreased the strength.
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4. Conclusions

Three series of AAM mixes prepared from secondary raw materials (red mud, fly ash and ground granulated blast
furnace slag) were investigated for their radiological properties including NOR content, I-index, radon emanation
and exhalation. The NOR content of the secondary raw materials, when compared with international databases,
was found to be lower than average, and the subsequent I-indexes of the AAM products were all below 1, which
would initially suggest that they were acceptable for use in building products. The radon emanation and exhalation
of the secondary raw materials and the subsequent AAM mixes were also determined. The emanation and the
exhalation properties were also calculated for the AAM mixes, weighing the data of the secondary raw materials
as a function of their mixing ratio in the AAM. The measured and the calculated results were compared and showed
that the increasing fly ash content significantly enhanced the radon exhalation. This highlights that the formation
of AAM cement matrix also plays an important role in the fate of radon transport from AAM building products,
something that NOR content and I-indexes do not account for. Correlation analysis demonstrated that the
increasing fly ash and red mud content significantly increased both emanation and exhalation parameters for both
the F/G and R/G AAM mixes, whereas the GGBFS content lowered both emanation and exhalation parameters.
The 28 days compressive strength was also compared with the secondary raw material content, and it was found
that the higher GGBFS content resulted in higher strength. The GGBFS rich AAMs showed an inverse relationship
with strength and radon exhalation, which can be attributed to the binding role of the GGBFS in the AAM matrixes.
It can be stated that the most favourable strength and radiological properties were obtained when the GGBFS
content was the highest compared to the amount of other secondary raw materials. Good design in relation to radon
emanation and exhalation characteristics of construction materials made from secondary raw materials with
elevated NOR content is essential especially as properties such as porosity, durability (microcracking), drying and
shrinkage are inherently related to radon release and should be studied in parallel. This highlights the need to carry

out exhalation testing on the final products as well as individual secondary raw materials.
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