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ABSTRACT: The use of industrial waste and/or by-products as alternative sources of raw materials in building materials has
become standard practice. The result, more sustainable construction, is contributing to the institution of a circular economy.
Nonetheless, all necessary precautions must be taken to ensure that the inclusion and use of such materials entail no new health
hazard for people or their environment. Due to the processes involved in generating industrial waste/by-products, these alternative
or secondary materials may be contaminated with heavy metals, other undesirable chemicals or high levels of natural radioactivity
that may constrain their use. In-depth and realistic research on such industrial waste is consequently requisite to its deployment in
building materials.This paper reviews the basic concepts associated with radioactivity and natural radioactivity, focusing on
industrial waste/by-products comprising Naturally Occurring Radioactive Materials (NORM) used in cement and concrete
manufacture. Updated radiological data are furnished on such waste (including plant fly ash, iron and steel mill slag, bauxite and
phosphogypsum waste) and on other materials such as limestone, gypsum and so on. The paper also presents recent findings on
radionuclide activity concentrations in Portland cements and concretes not bearing NORMs. The role of natural aggregate in end
concrete radiological behaviour is broached. The radiological behaviour of alternative non-portland cements and concretes, such
as alkali-activated materials and geopolymers, is also addressed.
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RESUMEN: Revision sobre residuos NORM, cementos y hormigones. La utilizaciéon de residuos y/o subproductos industriales,
como materiales alternativos, en la preparacion de materiales de construccion, es una actividad cada dia mas vigente y normal; y
estd encaminada a conseguir una construccion mas sostenible y alcanzar la deseada Economia Circular. Sin embargo, deben
tomarse todas las precauciones necesarias de modo que la incorporacion y utilizacion de estos materiales no suponga una nueva
amenaza a la salud de la poblacion y al medio ambiente. Estos residuos y/o subproductos industriales pueden estar enriquecidos
(por el propio proceso de su generacion) de metales pesados, y otros componentes quimicos no deseables; ademas de altos
contenidos de radioactividad natural, lo que puede condicionar negativamente su empleo como materiales alternativos y/o
secundarios. Es por ello, que es preciso un estudio muy profundo y realista de dichos residuos y subproductos industriales previo a
su utilizacion en la preparacion de materiales de construccion. En este articulo de revision o estado del conocimiento se hace un
repaso a los conceptos basicos de radioactividad y radioactividad natural, centrando el estudio en aquellos residuos y/o
subproductos industriales que son residuos NORM (Naturally Occurring Radioactive Materials) y que se emplean en la
preparacion de cementos y hormigones. Se aportan datos radiologicos actualizados sobre estos residuos y subproductos
industriales (ej. cenizas volantes de centrales, térmicas, escorias metaltrgicas, residuos de bauxita, fosfoyeso), y también se dan
datos radiologicos de otros materiales como calizas, yesos, etc. Igualmente, se presentan resultados recientes sobre
concentraciones de actividad de radionucleidos de cementos y hormigones en base Portland, con distinta composicion y contenido
en residuos NORM. Se incide en el papel de los aridos naturales en el comportamiento radioldgico final de los hormigones. Se
aborda, igualmente el comportamiento radiologico de cementos y hormigones alternativos al Portland como son los activados
alcalinamente y geopolimeros.

PALABRAS CLAVE: Residuos NORM; Cementos; Hormigones; Geopolymeros; Radioactividad; Comportamiento.
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1. INTRODUCTION

‘Sustainable construction’ and ‘circular economy’
are topical concerns directly relevant to the Sustai-
nable Development Goals (SDGs) defined by the
UN in 2015 and set out in Agenda 2030 (1-3) These
SDGs looking for the peace and prosperity for peo-
ple and the planet, now and into the future; among
them is (Goal 11) “Make cities inclusive, safe, resi-
lient and sustainable”. The ultimate aim is to build
a more sustainable world able to meet the needs of
today’s population without compromising those of
tomorrow’s.

One of the scientifically and technologically via-
ble means of reaching the construction industry’s
sustainability targets is to reuse or valorise industrial
waste/by-products (of widely differing origin and
composition) to manufacture building materials, pri-
marily cements and concretes and to added to achive
to achive the low-carbon economy in Europe, (4).
Such waste/by-products can be used to partially or
wholly replace the main components of such mate-
rials (5-7). Their use may mitigate the adverse en-
vironmental impact inherent in the energy consump-
tion, use of vast quantities of natural resources and
water and emission of greenhouse gases associated
with cement and concrete manufacture (8).

Deploying industrial waste/by-products as alter-
native materials in building material manufacture
has become standard practice (9). Nonetheless, all
necessary precautions must be taken to ensure that
the inclusion and use of such materials entail no

new health hazard for people or their environment.
During their generation industrial waste/by-products
may be contaminated with heavy metals or other un-
desirable chemicals or acquire high levels of natural
radioactivity, which may adversely condition their
deployment as alternative or secondary materials.
In-depth and realistic study of such industrial waste
is consequently requisite to their use in building ma-
terials (1, 10, 11).

This paper focuses on the state of the art of the
naturally occurring radioactive (NORM) waste/by-
products that can be used in cement and concrete
design and manufacture. Natural radioactivity is pre-
sent not only in industrial waste and by-products,
but also in natural materials such as granite. Updated
data on the use of aggregates in mortar and concre-
te manufacture are therefore likewise discussed in
this review. A separate section is included on the
current understanding of the radiological behaviour
of alternative cements and concretes such as alkali-
activated systems or geopolymers, which may bear
NORM waste as basic raw materials (precursor and
alkaline activator). The article concludes with a se-
ries of recommendations on the preparation and use
of cements and concretes containing naturally occu-
rring radioactive materials.

2. RADIOACTIVITY AND NATURAL
RADIOACTIVITY: THE BASICS

2.1. Types of radioactivity

Radioactivity is the result of spontaneous nuclide
decay with the emission of radiation, i.e., a and
B particles together normally in conjunction with
electromagnetic waves in the form of y-radiation and
X-rays (12). In the International System the unit
used to express radionuclide activity is the becque-
rel (Bq), equal to the activity of a quantity of a
radionuclide spontaneously decaying at a rate of one
nuclear transition per second. During decay, the so-
called parent nuclide transitions to a different type
of nucleus, known as the daughter, which may be a
different chemical element or an isotope, depending
on the type of decay. The energy emitted, either
directly (a- or B-radiation) or indirectly (y-radiation
or X-rays) suffices to strip electrons off and thus
ionising any atom in the path of radiation (12). A
brief description of the above four types of radiation
follows.

Alpha (a) radiation consists in a-particles contai-
ning 2 protons and 2 neutrons: i.e., it is identical to
the nucleus of the He atom. Alpha particles are cha-
racterised by a relatively large mass and a positive
elementary electrical charge of 2, an indication of
low penetrating power. In biological tissues its path
is no longer than a few tens of micrometres. Alpha
radiation is ionising, generating more ions per unit



length in the host matter than other types of radia-
tion because the particles shed all their energy over
a short distance. Alpha emitters induce primarily
internal exposure via inhalation, ingestion or contact
with the skin (12).

Beta (B) radiation comprises PB-particles, either
electrons with a negative elementary charge or, less
commonly, positrons or particles with a positive
elementary electrical charge equal to the electron’s
negative charge. As an electron’s mass is about
8000 times smaller than a-particle mass, B-radiation
has moderate penetrating power. Exposure to beta
particles is more of an external and less of an inter-
nal radiation hazard than exposure to alpha particles.
The external radiation attributable to beta particles
is confined primarily to the epidermis or outer la-
yers of skin, although it may also be harmful to the
crystalline lens of the eye.

Gamma () radiation consists in high-energy pho-
tons (electromagnetic waves) emitted by the nu-
cleus. This type of radiation is only weakly ionising
but has high penetrating power and can travel across
hundreds of meters of air. Thick concrete or lead
shielding is normally used as protection against y-
radiation, exposure to which primarily affects exter-
nal body parts. Given the high penetrating power
of gamma rays, the energy released in internal ex-
posure is absorbed by a smaller volume of tissue
than is impacted by alpha or beta radiation. Internal
exposure to gamma radiation is therefore less of a
health hazard than similar exposure to alpha or beta
radiation.

X-rays are electromagnetic waves emitted from
the atomic shell, normally carrying lower energy
than y-radiation.

Radiation can be classified from two perspectives:
whether or not it is ionising and whether natural
or artificial. Tonising radiation is electromagnetic or
corpuscular. When interacting with matter it ionises
its atoms, modifying the atomic structure of the host
material and inducing chemical reactions. Non-ioni-
sing radiation, which lacks that capacity, generates
electromagnetic fields and optical radiation (13).

Natural radiation is the radiation present in the air,
the Earth’s crust, outer space, foodstuffs and even
inside animal and human bodies. Artificial radiation
is generated by human activity, such as in the wake
of nuclear explosions or accidents, industrial activity
or medical testing. All exist in the environment and
impact human beings and all other species. Humans
receive both natural and artificial radiation in the
mean yearly proportions illustrated in Figure 1.

2.2. Naturally occurring radioactive materials
(NORM). NORM industries

As the name infers, naturally occurring radioac-
tive materials (NORM) are radioactive materials
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Figure 1. Distribution of mean yearly dose of
natural and artificial radiation in human beings.

of natural origin whose potential as a hazard in
their unaltered state may be enhanced by human
technological manipulation. Pastor et al. (14) define
NORM waste (in Spain) as material for which the
generator envisages no use and which exhibits a
natural nuclide concentration higher than stipulated
for exemption and clearence "exemption and clea-
ranceas per Spanish Ministry of Industry, Energy
and Tourism (IET) order 1946/2013 (15) (Table 1)
(14). Such waste must therefore be managed bearing
in mind both its nature as industrial residue and the
characteristics intrinsic to NORM materials.

TasLE 1. Ceilings (in Bq/g) for NORM waste to qualify for
exemption and clearance (14).

Radionuclide All materials Oil and gas sludges
U-238 (Sec.) incl. U-235 (Sec.) 0.5 5
U natural 5 100
Th-230 10 100
Ra-226+ 0.5 5
Pb-210+ 5 100
Po-210 5 100
U-235 (sec) 1 10
U-235+ 5 50
Pa-231 5 50
Ac-227+ 1 10
Th-232 (sec) 0.5 5
Th-232 5 100
Ra-228+ 1 10
Th-228+ 0.5 5
K-40 5 100

[Sec.: radionuclide in secular equilibrium with all its progeny;
+: radionuclide in secular equilibrium with all its short-lived

progeny]
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NORM waste may be generated by a number
of industries, and most significantly those listed in
Table 2 (14). Its management, the responsibility of
the generators, entails determining the most suitable
type of processing based on its radiological charac-
terisation.

TasLe 2. NORM waste-generating industries (14).

Industry

Rare earth mining

Rare earth extraction from monazite

Thorium and thorium compound manufacture and use
Niobium and ferro niobium production
Niobium/tantalum ore processing

Gas and oil production

Cement production, clinker kiln maintenance
Titanium dioxide (TiO,) pigment manufacture

Phosphate industry (phosphoric acid and phosphate fertiliser
production)

Zircon and zirconium industry

Tin, copper, aluminium, iron, steel, zinc and lead production
Coal-fired steam power plants, boiler maintenance
Geothermal energy production

Non-uranium mineral mining

Underground water filtering facilities

Granite is a naturally radioactive material used
in building or as a component in concretes. It has
a high activity concentration of certain natural ra-
dioactive series, including uranium, thorium, acti-
nium and potassium (16-18). A recent study conduc-
ted by the present authors (19) showed that granite
aggregate particle size distribution affects activity
concentration, with smaller particle sizes inducing
higher activity. This matter is discussed in greater
depth in a subsequent section.

3. NORM WASTE USED IN CEMENT AND
CONCRETE PRODUCTION

A wide variety of waste types and other materials
with natural radioactivity can be used in cement
and concrete manufacture. Some, such as coal-fired
steam power plant fly ash and blast furnace slag,
have been in use for decades. Fairly recent eviden-
ce of radioactive emissions from those materials,
however, necessitates acquiring an understanding of
and as far as possible controlling such radioactivity.
Those two materials are described in detail in (10)
and (20).

The use of industrial waste/by-products in Por-
tland clinker and cement manufacture is closely re-
lated to sustainability and sustainable construction.

It has become a standard practice progressively ap-
plied to all the processes involved in producing
those building materials: from the total or partial
replacement of the natural materials and fuel used in
raw mixes to the inclusion of active additions (sup-
plementary cementitious materials, SCMs). Such re-
sidue is even deployed in the development of new
alternative cements or new formulations, such as
alkali-activated materials (also called geopolymers).
Moreover, of the 27 types of ordinary cement lis-
ted in European standard EN 197-1: 2011 (21), 26
contain some manner of supplementary cementitious
materials (SCMs) which may be industrial waste/by-
products such as siliceous or calcareous fly ash,
blast furnace slag or silica fume (Table 3).

The partial replacement of the standard raw mate-
rials (essentially limestone and clay) in Portland raw
mixes with industrial waste/by-products to manufac-
ture Portland cement clinker is an area of scientific
and technological research routinely conducted on
site at clinker and cement plants. Such replacement
lowers greenhouse gas emissions (primarily CO,) as
well as the need for raw material (mainly limestone)
quarrying. Some of that waste, including crystallised
blast furnace slag (22), by-products of fired clay
product manufacture (23) or waste generated in alu-
minium recycling (24), may constitute NORMs. The
use of other kinds of waste (such as meat meal or
crushed tyre ash, used solvents and oils) as partial
substitutes for fossil fuels (primarily gas-oil) in ce-
ment kilns has likewise been studied (25).

In other words, Portland cement is directly related
to the use of industrial waste/by-products, many of
which may exhibit some natural radiation that must
be understood, determined and controlled. Of parti-
cular interest in that regard are cements that serve
as alternatives to OPC such as alkali-activated ce-
ments (also called geopolymers). The two essential
components in those materials are a precursor (with
a chemical composition defined in the CaO-SiO,-
ALO,) system) (26-30) and a solid or liquid alkali-
ne activator. The latter is used to ensure a highly
alkaline (pH>13) medium to dissolve the precursor
and induce the condensation, coagulation and preci-
pitation of layered and/or three-dimensional, highly
compacted, high-strength reaction products. In such
systems, both precursor and activator may consist in
industrial waste/by-products (30-35). The precursors
may be thermally and alkali-activated clays (such as
metakaolin) (36), although in most alkaline cements
(or geopolymers) practically 100 % of the precursor
is an industrial waste/by-product. The ones most wi-
dely used are vitreous or glassy blast furnace slag
and aluminosilicate fly ash (ASTM type F) or a
combination of the two (37). Other precursors may
also be deployed, including rice husk ash (34), waste
glass (38), urban solid, including construction and
demolition, waste (39), spent FCC catalysts (40) and
ceramic industry waste (41). The alkaline activators
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TaBLE 3. The 27 products in the family common cements EN 197-1:2011.

Composition (percentage by mass®)

Main constituents

Main Notation of the 27 products Clinker Blastfurnace  Silica Pozzolana Fly ash Burnt Limestone Minor
Types (types of common cement) slag fume shale additional
natural gﬁzlil;:(li siliceous calcareous constituents
K S D® P Q \% w T L LL

CEM1 Portland cement CEM I 95-100 - - - - - - - - - 0-5
CEMII Portland-slag CEM II/A-S 80-94 6-20 - - - - - - - - 0-5
cement CEMIIB-S 6579 2135 - - - - - - - 0-5
Portland-silica CEM II/A-D 90-94 - 6-10 - - - - - - - 0-5

fume cement
Portland- CEM II/A-P 80-94 - - 6-20 - - - - - - 0-5
‘C’;ffe‘;}fna CEMIIB-P  65-79 - - 2135 - - - - - 0-5
CEM II/A-Q 80-94 - - - 6-20 - - - - - 0-5
CEMII/B-Q  65-79 - . - 2135 . - ; - 0-5
Portland-fly ash ~ CEM I/A-V 80-94 - - - - 6-20 - - - - 0-5
cement CEMII/B-V  65-79 - - - - 21-35 - - - - 0-5
CEMIVA-W  80-94 - . ; ; . 620 ] - 05
CEMI/B-W 6579 - - - - - 21-35 ; - 0-5
Portland-burnt CEM II/A-T 80-94 - - - - - - 6-20 - - 0-5
shale cement CEM II/B-T 65-79 _ - R R - - 21-35 - - 0-5
Portland CEMIVA-L  80-94 - B, ; : . . . 620 - 0-5
limestone cement CEM II/B-L 65-79 _ _ - - - - - 21-35 - 0-5
CEMI/A-LL  80-94 - - - - - - - - 6-20 0-5
CEMII/B-LL  65-79 - - - - - - - - 21-35 0-5
Portlanq- CEM II/A-M 80-94 < 6-20 > 0-5
compostte CEMI/BM 6579 < 213 - 0.5
CEMIII Blastfurnace CEM III/A 35-64 36-65 - - - - - - - - 0-5
cement CEM II/B 20-34 66-80 - ; ; . ; ] 0-5
CEM 1II/C 5-19 81-95 . - ; B ; ) 0-5
CEM IV Pozzolanic CEM IV/A 65-89 - 11-3 - 0-5
cement CEMIV/B 4564 - 65 ; 0-5
CEM V Composite CEM V/A 40-64 18-30 - Lommeem 18-30------ > - - - 0-5
cement CEM V/B 20-38 31-50 L - - 0-5

“The values in the table refer to the sum of the main and minor additional constituents

*The proportion of silica fume is limited to 10%

“In Portland-composite cements CEM II/A-M and CEM II/B-M, in pozzolanic cements CEM IV/A and CEM IV/B and in composite cements CEM V/A and CEM V/B

the main constituents other than clinker shall be declared by designation of the cement(for example see clause 8)

conventionally used, NaOH, KOH and waterglass,
may in turn be replaced by waste materials such
as waste glass waste (32, 33, 42) or biomass ash
(43, 44), which have proven to be highly effective
alkaline activators.

Industrial waste/by-products (fly ash, silica fume)
may also be used in concrete manufacture. In addi-
tion to construction and demolition waste (CDW),
which plays a well-known role as a source of recy-
cled aggregates (45-47), natural products may also
be used: granite, for instance, is of particular rele-
vance to the present context in light of its high ra-
don radioactive content and emissions. Organic and
inorganic admixtures (natural or artificial pigments)
are also widely used in concrete manufacture. So-
me natural pigments may also have a high radioacti-
ve (48).

Further to the foregoing, many types of industrial
waste/by-products carrying natural radioactivity are
or may be used in cement and concrete manufacture.
By way of summary, NORMs (natural and waste
products that can be used to manufacture these cons-
truction materials) may include any of the following
(10).

a. NORM s in waste materials

* coal fly ash

* iron and steel mill slag

* phosphorus slag

* tin and copper slag

* phosphogypsum

* aluminium processing waste (red mud)

b. NORMs in natural materials

¢ alum shale
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* Igneous building materials or additives of na-
tural origin: granitoids (granite, syenite, orthog-
neiss), porphyries, tuff, pozzolana (pozzolanic
ash) and lava.

4. RADIOLOGICAL BEHAVIOUR IN NORM
WASTE, CEMENTS AND CONCRETES

Building materials may exhibit a variable radio-
nuclide content, in particular °Ra (uranium series),
22Th (thorium series) and “K. Those three elements
are used to determine the activity concentration in-
dex (ACI), calculated as per Equation [1]:

C226 C232 Ca0
_ Ra Th K 1
ACl=—350+ 200 * 3000 =1 [1]

where C is the activity concentration in Bq-kg' of
the respective radionuclides. In building materials C
may vary from 1 Bq kg to 4000 Bq kg (49, 50).

EU Directive 2013/59/Euratom (51) is the most
recent European legislation on protection from ioni-
sing radiation. Its Article 75 stipulates that the refe-
rence level for indoor external exposure to gamma
radiation emitted by building materials, in addition
to outdoor external exposure, is 1 mSv/year. That
value is determined using radionuclide activity con-
centration as set out in Equation [1]. The index
relates to the gamma radiation dose in excess of
typical outdoor exposure in a building constructed
from a specified building material. It applies to the
building material, not its constituents, except when
those constituents are building materials themselves
and are separately assessed as such. For applica-
tion of the index to such constituents, in particular
residues from industries processing naturally-occu-
rring radioactive material recycled into building ma-
terials, an appropriate partitioning factor needs to be
applied. The activity concentration index value of
1 can be used as a conservative screening tool for
identifying materials that may cause the reference
level laid down in Article 75 (1) to be exceeded.
Dose calculation must also take other factors into
account, such as material density, thickness and in-
tended use (bulk or superficial) and type of building.

26Ra, **Th and “K concentration and the activity
of their progeny or others that may be of relevance
to determine radioactivity in these building materials
is determined with gamma spectrometry. For a detai-
led description of the methodology and conditions
for determining the presence of such isotopes, see
(52, 53).

The following is a discussion of the radiological
behaviour of the industrial by-products or supple-
mentary cementitious materials (SCMs) most widely
used in cements and concretes and the radiological
behaviour of the end products bearing such waste.

4.1. Coal-fired power plant fly ash and botton ash

Coal fly ash (FA) is a fine powder generated when
coal is burnt to produce electricity, usually in coal-
fired power plants. It consists primarily in non-com-
bustible inorganic material but also contains some
residual carbon sourced from partially non-combus-
ted coal (54). Although fly ash particles are largely
spherical, irregular or angular quartz or other grains
are likewise often present in the ash. Coal fly ash is
divided into two main groups: siliceous (V) and cal-
careous (W) in European legistation and Class C Fly
Ashes in accordance with ASTM standard. V-type
fly ash is pozzolanic whilst W-type ash generally
exhibits hydraulic properties (21). V-type ash must
have a reactive CaO content of less than and W-type
greater than 10 %.

Both siliceous (type V in European legislation
and type F further to ASTM) and calcareous (W)
ash are used to manufacture CEM II ordinary Por-
tland cement, CEM II composite portland cement,
CEM 1V pozzolanic cement and CEM V composite
cement. Further to the data in Table 3, the propor-
tion of fly ash in the 10 cement types defined in
EN 197-1: 2011 (with these fly ashes): ranges from
6 % to 55 % and more specifically for CEM II/A-V
from 6 % to 20 %; CEM II/B-V, 21 % to 35 %;
CEM IV/A 11 % to 35 %; CEM IV/B 36 % to
55 %; CEM V/A 18 % to 30 % and CEM V/B
31 % to 49 %.

Siliceous fly ash with a low reactive CaO content
is the type most widely used in cements and concre-
tes. Due to ash pozzolanicity, early age mechanical
strength is low in cements bearing a high content
of the addition. The use of siliceous fly ash-additio-
ned cements to manufacture concrete is nonetheless
known to have beneficial effects, such as improved
workability and significantly lower later age capi-
llary porosity than the unadditioned material. That
in turn induces higher mechanical strength and en-
hanced resistance to chlorides, sulfates and potential
alkali-aggregate reactions (55).

The natural radioactivity of fly ash depends on
the geological age of the original coal bed, the com-
bustion process used and ash particle size; being
of interest due to the accumulation of radioactivity
- polonium 210 - in the smallest particles of fly
ashes (20, 56, 57). US Geological Surveys show that
coal containing phosphate minerals such as monazi-
te or apatite have high radioactive **Th concentra-
tions, whereas coal containing both organic matter
and mineral fractions have high levels of the **U
radioactive series (58). The respective radionuclides
are retained during coal combustion and concentrate
in the fly and bottom ash, more profusely in the
former. Uranium and thorium concentrations may
be up to ten-fold higher in bottom and fly ash than



in burnt coal, while fly ash may contain even hig-
her 2°Pb and “K concentrations. In modern power
stations around 99 % of the fly ash generated is
typically retained (90 % in some older plants) (59).
The finest ash particles have been observed to bear
2Pb contamination. Higher concentrations of that
isotope are found in fly than in bottom ash because
lead volatises in the combustion chamber (60, 61).
2¢Ra contamination has also been detected in the fi-
ner fractions, where the *'°Pb/**Ra ratio may exceed
3 compared to no more than 0.5 in bottom ash (20).

Detailed information on the radionuclides in fly
ash can be found in (20) and (62, 63, 64). The ura-
nium series (**Ra and *°Th) and “K concentrations
(in Bq kg') in several European countries graphed
in Figure 2 vary widely and depend, as noted ear-
lier, on the original coal, combustion process and
ash particle size. Table 4 gives the concentration
ranges for radionuclides in fly ash sourced from a
series of widely differing coal-fired steam power
plants. The data show that coal fly ash has a high
radionuclide content and the highest radioactivity of
all the SCMs listed in standard EN 191-1: 2011.
Further to Directive 2013/59/EURATOM (51), ACI
values (Equation [1]) should be calculated only for
endproducts, not for their constituents such as fly
ash. Nonetheless, based on its radionuclide concen-
tration (Table 4), the ACI for that by-product would
be on the order of 0.5 to 1.5 (65).

4.2. Iron and steel mill slag

The iron and steel industry generates different
types of by-products, most prominently blast furnace
(iron) and steel (steel) mill slag. The former, when
vitreous and finely ground, exhibits hydraulicity and
hence is widely used in cement and concrete manu-
facture (76, 77). The latter is less frequent in cons-
truction in light of its high heavy metal content and
radioactivity, along with its unbound CaO and MgO
and dicalcium silicate (2Ca0O-SiO, or C,S) contents
that may pose expansion or soundness problems
over time. Its poor physical properties (low polished
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FiGure 2. Natural radionuclide concentration in fly and
bottom ash (62). In parentheses the number of samples
analyzed. Reproduced with kind permission of Elsevier.

stone value, PSV, and high aggregate abrasion value,
AAV) further condition its use (22, 78, 79), which is
restricted to non-structural works and road bases and
sub-bases.

Blast furnace slag is the result of contact between
the clay-like acid gangue from iron ore and the
sulphur ash from (likewise acid) coke on the one
hand and the lime and magnesium (both basic) from
the more or less dolomitic limestone materials used
as fluxes on the other. That combination of acid
(810, and ALQ,) and basic (CaO and MgO) oxides
at high (>1600 °C) temperatures yields slag. When
the molten magma cools rapidly to ambient tempe-
rature via granulation or pelletising procedures, the
resulting material is over 90 % amorphous. Such
glassy, ground (GBFS) blast furnace slag is hydrau-
lic, meaning that when mixed with water it can har-
den like cement (76). If it cools slowly, however,
the result is a highly crystalline (crystallised slag),
low reactivity material that can be included as a
raw material in portland cement raw mixes (80) or
used as a filler in road bases and sub-bases (81).
The majority chemical components of blast furnace

TasLE 4. Radionuclide concentration ranges in supplementary cementitious materials used in cement and concrete manufacture (Bq kg™).

Radionuclide concentration (Bq kg")

Material

#¢Ra’ #Th™ YK References
Coal fly ash 70-250 50-180 100-600 (20, 62-75)
Blast furnace slag 35-160 30-100 75-250 (20, 59, 62, 64-66, 70, 82)
Steel slag 20 5 2 (66)
Silica fume 1-2 0.5-1 90-100 (65, 66)
Natural pozzolan 10-20 20-25 150-300 (66)
Calcined natural 30-350 20-30 150-220 (66, 92)
pozzolan (metakaolin)
Limestone 10-50 1-30 1-300 (66, 65,91, 92)

* 2¢Ra can be likened to 2'*Pb concentration
** 22Th can be likened to *?Pb concentration
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slag include SiO, (27-40 %), CaO (30-50 %), AlO,
(5-25 %) and MgO (1-15 %). Mellite, a solid so-
lution containing gehlenite (2Ca0O-Al0,-Si0O,) and
akermanite (2CaO-MgO-2Si0,), is the majority pha-
se in crystallised blast furnace slag. The chemical
and mineralogical compositions of the two types of
slag depend on the starting iron ore, the type of
processing applied and the coke and fluxes used.

GBFS is an SCM used to manufacture ordinary
CEM II/A-S and CEM/IIB-S cements, in which it
accounts for 6 % to 35 % of the total weight; in
cements CEM III/A, CEM III/B and CEM III/C the
values are 36 % to 95 %; and in cements CEM V/A
and CEM V/B 18 % to 50 %.

Steel slag, a by-product of steel manufacture, is
formed in the reaction between fluxes such as cal-
cium oxide and the non-metallic inorganic consti-
tuents of steel or scrap metal. Two types can be
distinguished:

* Basic oxygen furnace (BOF) steel slag (10 % to
15 % SiO,; 45 % to 60 % CaO; 1 % to 5 %
ALO;; 3 % to 9 % Fe,0,; 7 % to 20 % FeO; 3 %
to 13 % MgO; 2 % to 6 % MnO; and 1 % to 5%
P,0)).

* Electric arc furnace (EAF) steel slag (11 % to
20 % Si0,; 30 % to 50 % CaO; 10 % to 18 %
AlLO,; 5 % to 6 % Fe,0,; 8 %to 22 % FeO; 8 %
to 13 % MgO; 5 % to 10 % MnO; 2 % to 5 %
P,O)).

The origin of iron and steel slag radioactivity
lies in the iron ore and scrap metal used and the
sintering processes deployed. Depending on the ori-
gin, iron ore may contain different radionuclides
and heavy metals, with uranium concentration in the
20 Bq kg' to 30 Bq kg' range (81). In blast furnace
slag, the source of natural radionuclide content has
been confirmed to be not only the raw materials
but the manufacturing process (type of furnace, for
instance) (18). Figure 3 graphs the radionuclide con-
centrations in the iron and steel mill slag used in
cement manufacture, whilst Table 4 gives the range
of *Ra (uranium series), **Th (thorium series) and
“K concentrations in BFS and steel slag.

As the data in Figure 3 and Table 4 infer, blast
furnace slag bears a much higher radionuclide con-
tent than steel slag, although the BFS values, with
ACI generally <1, are lower than observed for coal
fly ash (65).

4.3. Other wastes and limestones used as
supplementary  cementitious  materials
(SCMs) in cement and concrete manufacture

Table 3 shows that in addition to type V and W
fly ash and vitreous slag (S), waste and materials,
such as silica fume, limestone, natural pozzolans and
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FiGure 3. Radionuclide concentrations in blast furnace
and steel mill slag used in building materials
(62). In parentheses the number of samples
analyzed. Reproduced with kind permission of Elsevier.

calcined shale are used as SCMs in the standardised
ordinary cements listed in EN 197-1: 2011.

Silica fume (D) is a residue generated in elec-
tric arc furnaces producing silicon and ferro silicon
metals. An inorganic product consisting in very fi-
ne spherical particles generated when coal reduces
quartz, it is essentially (85 % to 90 %) amorphous
Si0,. With such a high amorphous SiO, content and
large specific surface (around 20 000 m*-kg?), silica
fume is highly pozzolanic. According to standard
EN 197-1: 2011, CEM II/A-D cements may contain
6 % to 10 % silica fume. Blended Portland cements
CEM IIVA-M and CEM 1I/B-M as well as cements
CEM IV/A and CEM IV/B may also bear up to
10 % of that type of waste.

Portland cement with silica fume (CEM II/A-D)
is apt for manufacturing of prestressed concrete,
concrete with reactive aggregates and shotcrete or
fast-setting concrete. Silica fume pozzolanicity de-
termines the high reactivity and early age strength
development in those materials (83). Silica fume can
also be used as a cement replacement or addition
to prepare very high-strength, durable concretes (83,
84), although it must not account for more than 5 %
to 10 % of the total cement weight. The presence
of this mineral addition in concrete has induced
the development of so-called ‘high performance’
concretes. The large specific surface in silica fume
determines the need for variable amounts of super-
plasticising admixtures in the respective concretes to
lower the water/cement ratio while ensuring suitable
rheology as well as the production of very high den-
sity, high performance and durable concretes (85).

The concentration ranges of **Ra, **Th and “K
(in Bq kg') reported in the literature for silica fume
(Table 4) are relatively low for the former two for-
mer and somewhat higher for K. This SCM would
not in any event appear to be a very significant



source of natural radionuclides in the end cements
and concretes.

Natural pozzolans are siliceous, alumino-siliceous
(or a combination of the two) geological materials.
The term was originally applied only to the volca-
nic tuff found in the area around Pozzoli, Italy,
and used by the Romans to prepare hydraulic con-
cretes. For several decades it has also been used,
however, to designate natural materials able to react
with the portlandite generated during the hydration
at ambient temperature of the calcium silicates pre-
sent in portland cement. The pozzolanic properties
characterising the strong cohesive end products have
determined the evolution of the term from its origi-
nal geological meaning to its present technological
connotations (86). Natural pozzolans, like alumino-
siliceous fly ash and silica fume, exhibit the pozzo-
lanic characteristics defined in standard EN 197-1:
2011, which describes two types of materials: natu-
ral pozzolans (P) and naturally occurring fired poz-
zolana (Q). Natural pozzolans are normally volcanic
materials or sedimentary rocks with the chemical
and mineral compositions specified, whilst naturally
occurring fired pozzolans are thermally activated
volcanic, clay, slate or sedimentary rocks.

These materials can be used to manufacture ce-
ments CEM II/A-P and CEM 11I/B-P, CEM II/A-Q
and CEM II/B-Q with 6 % to 30 % pozzolan by
cement weight, as well as cements CEM IV/A and B
and CEM V/A and B. Content is defined in keeping
with availability. The characteristics of cements with
natural pozzolans are qualitatively similar to but mo-
re intense than observed in materials with greater
pozzolanicity such as silica fume and type V fly ash.
P-type pozzolans are also apt for the manufacture of
alternative materials such as alkaline cements (87).

The concentration ranges of **Ra, **Th and “K
(in Bq kg") reported in the literature for natural and
naturally occurring fired pozzolans used in cement
manufacture are listed in Table 4, where metakaolin
(MK) has been included as an example of the lat-
ter. Further to those data, the **Ra content may be
higher and more variable in MK than in non-fired
natural pozzolans.

Limestone (L and LL) is another material used as
an addition in ordinary cements. It must also meet
a series of chemical and physical requirements to
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be apt for ordinary cement manufacture. Its calcium
carbonate content (CaCO,), calculated of terms of
calcium oxide (CaO), must be at least 75 wt%, the
clay content must be lower than 1.20 g/100 and
the total organic carbon (TOC) must not exceed
0.20 wt% in subtype LL or 0.50 wt% in subtype
L (21).

Limestone is present in cements CEM II/A-L and
B-L at 6 % to 30 % by cement weight and in the sa-
me proportions in cements CEM II/A-LL and CEM
II/B-LL. Limestone has no pozzolanic or hydraulic
properties, but neither is it a wholly inert addition as
believed until not long ago. Its presence in cement
induces a series of very distinct chemical and physi-
cal characteristics explained by such non-inertness.
Its most prominent effects include improved paste
workability, which lowers water demand; absence
of any impact on early or late age strength when
limestone content is under 10 % by cement weight;
and lesser expansion at all ages (88). In contrast,
thaumasite formation-related durability issues have
been described in cements with high limestone con-
tents (89).

According to the concentration ranges of **Ra,
#2Th and “K (in Bq kg™) reported in the literature for
limestone (Table 5), the material exhibits fairly low
uranium and thorium series contents, but a much
broader range of “K activity concentrations.

Table 5 also gives the **Ra, **Th and “K ranges
(in Bq kg') for other industrial waste/by-products
such as red mud, biomass ash and waste glass
which, while not standardised, can be used as por-
tland or alkali-activated (geopolymer) cement addi-
tions.

Red mud is waste generated in Bayer process-me-
diated bauxite refining, in which ground bauxite
reacts with sodium hydroxide at high temperatures
and pressures. A highly alkaline (pH~10 to 12.5)
slurry, it has a solids content of 15 wt% to 30 wt%.
Its composition features fine silica, aluminium, iron,
calcium and titanium oxide particles in proportions
that differ depending on the bauxite ore, conditions
governing aluminium extraction and quality control
(18). Its alkalinity, toxic element content and natural
radioactivity (bauxite waste ACI is consistently over
1: Equation [1]) limit its use in construction (20).

TasLE 5. *Ra, #*Th and “K radionuclide concentration (Bq kg") in industrial waste/fly
ash not cited in European standards that can be used in cement and concrete manufacture.

Radionuclide concentration (Bq-kg")

Material
2Ra’ »Th™ YK References
Bauxite residue or red mud 100-700 200-1320 30-360 (20, 62,93, 94)
Biomass ash 10-12 6-7 6000-36000 (66)
Waste glass 8-9 6-7 230 (65, 66)

* 26Ra can be likened to 2'*Pb concentration
** 22Th can be likened to *?Pb concentration
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Burning plants, trees and seed waste sourced from
a wide variety of species to produce electric power
yields biomass ash, generally in the form of fly and
bottom ash. The chemical, mineralogical and radio-
logical composition of such ash is highly dependent
on the material burnt and the process. Some types
of plant ash, such as rice husk and bagasse, exhibit
pozzolanicity and can be used in cement and con-
crete (95, 96) or alkaline cement manufacture (34).
Others such as olive tree ash, however, are scantly
applicable as SCMs. Some of the present authors
recently assessed the viability of biomass ash as
an alternative alkaline activator in geopolymer ma-
nufacture (43). The very high “K content observed,
with ACI values consistently >1, (Table 5), must not
be overlooked when considering its use.

Other types of waste such as glass hold promi-
se for possible application in cement and concrete
manufacture either as aggregates (97, 98) or as pre-
cursors and/or activators in geopolymers (32, 33,
38). These materials vary widely in terms of their
composition, while sodium silicate-based glass is
the most apt for use in geopolymers. Further to the
radiological data in Table 5, this waste poses no
natural radiation-related problems, for its uranium,
thorium and potassium contents are all fairly low.

4.4. Gypsum and phosphogypsum

Gypsum and phosphogypsum have some similar
characteristics but are conspicuously different che-
mically and radiologically. Gypsum, hydrated cal-
cium sulfate (CaSO,:2H,0), is blended with clin-
ker and SCMs in Portland cement manufacture.
The most prominent of its various purposes is
to react with the C,A (3Ca0-AlQ,) in the clin-
ker and the water present in the early stages of
cement hydration to form ettringite (3CaO-AlO,)
(SO,),(OH),,-31H,0). That reaction constrains or
impedes any direct reaction between C,A and wa-
ter, preventing flash setting by retarding some of
the cement hydration reactions. Gypsum may also
be found in calcium sulfate cement hemihydrate
(CaS0O,-'sH,0) and anhydrite (anhydrous calcium
sulfate, CaSO,) or any combination of the two.
Gypsum and anhydrite are present in nature and
calcium sulfate may be generated as a by-product
in certain industrial processes. The ceiling sulfate

content in ordinary cements, expressed as % SO,, is
3.5 % (in 32.5 and 42.5N cements) or 4.0 % (42.5R
and 52.5 cements (21).

Phosphogypsum (PG), a phosphate industry by-
product, is generated during the acid digestion of
phosphate ore (20). The industry is known to be
vital to the worldwide food supply, given the role of
phosphate fertilisers in extensive farming. Phosphate
minerals carry high contaminating contents of ura-
nium, radium, polonium, thorium and lead isotopes.

The **Ra, **Th and “K concentrations (in Bq kg')
for gypsum and phosphogypsum used in construc-
tion are given in Table 6, which shows that as a rule
the U, Th and K series values are fairly low.

Approximately 70 % of the phosphate ore mined
is processed in an acid medium to produce phospho-
ric acid, during which procedure substantial quanti-
ties of phosphogypsum are generated. Depending on
the raw ore used, PG may contain up to 60 times the
radionuclide content found in the pre-processed rock
(100). According to Garcia-Diaz et al. (100) up to
80 % of the **Ra, up to 86 % of the U and up to
70 % of the Th may concentrate in PG. The radionu-
clide content in this material must be determined be-
cause **Ra generates radon gas (**Rn), which with a
short half-life of just 3.5 d is very active, i.e., emits
intense radiation that may harm bodily organs.

This industrial by-product is scarcely used in
construction due to its high radioactivity, although
research has been ongoing for some time on its use
in place of mineral gypsum and for other applica-
tions. A review of possible applications in building
material production (101) cites setting control, mi-
neralisation in clinker preparation and gypsum pro-
duct manufacture as potential uses. A recent study
(102) addresses the use of phosphogypsum instead
of gypsum in super-sulfated cement-based concrete
manufacture. As noted, its use is conditioned by
its high radon radioactivity and emissions. A few
studies and patents suggest that phosphogypsum can
be purified by eliminating heavy metals and **Ra
(104), while others (82) assess the use of alkaline
cement matrices to immobilise the radon in phosp-
hogypsum.

As the uranium, thorium and potassium concen-
trations in phosphogypsum of different origins grap-
hed in Figure 4 show, the numbers vary widely. The
#Ra, #*Th and “K concentrations (Bq kg"') reported
in the literature for this by-product and listed in Ta-

TaBLE 6. 2*Ra, **Th and “K concentration in gypsum (Bq kg")

Radionuclide concentration (Bq kg")

Material
26Ra’* WK References
Gypsum 10-70 80-200 (63, 64,91, 92, 99)
Phosphogypsum 35-1400 20-160 20-300 (20, 62, 64, 92, 93, 103)

* 26Ra can be likened to 2'*Pb concentration
** 22Th can be likened to *?Pb concentration
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FiGure 4. Natural radionuclide concentrations in
the phosphogypsum present in building materials
(62). In parentheses the number of samples analy-
zed. Reproduced with kind permission of Elsevier.

ble 6 also attest to enormous variability. The speci-
fic concentrations of naturally occurring radionucli-
des in phosphogypsum depend on the origin of the
phosphate ore and the chemical process used (20).
In wet phosphoric acid production, the amount of ra-
dionuclide taken up by each fraction may vary with
the technology. As a rule most of the uranium ulti-
mately remains in the fertiliser, whilst radium is mo-
re evenly distributed among the (by-)products, with
some possibly precipitating in the plant. Most of
the polonium is eliminated with the phosphogypsum
fraction (103). With such variability the ACI values
range from 0.5 to 4.0, although most are >1 (20).

4.5. Cements and Concretes

This section draws a distinction between the mo-
re conventional cements and concretes based on
portland or standardised materials and alternative
cements and concretes (as a rule with a low or nil
clinker content) such as alkali-activated products or
geopolymers. The radiological behaviour of all these
cements and concretes is described in great detail in
a recent paper (8).

4.5.1. Portland cements and concretes

Nuccetelli et al. (62) studied the uranium, thorium
and potassium series radionuclides in anhydrous
portland cements in 21 European countries. Their
findings, summarised in Table 7, revealed that ra-
dionuclide concentrations are fairly low, with ACI
values ranging as a rule from 0.1 to 0.4, far below
the 2013/59/Euratom European Directive maximum
of 1. Some authors (60) have reported higher ACI
values for cements, however.

The presence of NORMSs in industrial waste/by-
products such as coal-fired steam power plant fly
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ash or vitreous blast furnace slag may raise the
natural radionuclide concentrations in ordinary ce-
ments, along with their ACI values. The radionucli-
de content in standardised commercial cements (66)
is listed in Table 8 and in synthetically prepared
anhydrous cements in Table 9 (65). The data deno-
te an additive effect as well as proportionality bet-
ween the radionuclide content and the percentage of
‘pure’ (unadditioned) cement and the SCM in each
blend. Other authors report similar findings (70, 92,
105-107).

Table 8 also gives the radionuclide content in
cements other than the ordinary materials listed in
standard EN 197-1: 2011, including sulfate-resistant,
white, calcium aluminate (CAC) and calcium sulfoa-
luminate cements. CACs exhibit the highest radio-
nuclide concentration, particularly for thorium, with
an ACI value of around 0.7 to 0.9, much higher
than the 0.2 to 0.4 recorded for unadditioned OPC.
Neither the radionuclide concentrations nor the ACI
values for the other cements analysed vary substan-
tially from the findings for ‘pure’ Portland cement.

Studies of hydrated Portland cement paste radio-
logical behaviour, i.e., their *Ra, and “K activity
concentrations, have confirmed the dilution effect
attributable to the mixing water, including the water
that binds to the hydration products formed (65).
Radionuclide activity concentrations are normally
determined with gamma spectrometry on ground
samples (65, 66). The concentrations in hydrated
cement pastes bearing different types of SCMs are
listed in Table 10. The dilution effect associated
with water (water/cement ratio used in the mixes) on
the radionuclide concentrations and the ACI for dif-
ferent pastes can be deduced from a comparison of
the data in Table 10 to the values in Tables 8 and 9.

The authors of this review recently proposed a
new method for determining radionuclide concentra-
tion and ACI on hardened but unground Portland
cement paste as part of Spanish Ministry of Scien-
ce and Innovation-funded project BIA2016-77252-P.
The method was developed on cubic specimens of
5 cm on a side of hardened and unadditioned Por-
tland cement paste (52).

That new methodology was developed on 48 h
and 64 d cubic (5 cm on side) specimens of harde-
ned portland cement paste. The pastes were prepared
with a number of gamma radiation ‘cocktails’ (*°Pb,
#Am, ¥Cs, “Co, “K and **Ra) with known activity
concentrations and emission energy values ranging
from 46.54 keV to 1332.5 keV. The gamma cock-
tails were carefully blended with the water and ce-
ment to ensure a uniform mix. Gamma spectrometry
was conducted on 48 hours and 64 days compact so-
lid samples. The solid cubic specimens were measu-
red at different heights on a LabSOCS-calibrated ul-
trapure germanium (HPGe) detector (52). The same
pastes were ground and re-measured to validate the
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Ficure 5. Quadrangular prismatic cement paste specimens 1 cm
to 5 cm high (52). Reproduced with kind permission of Elsevier.

results for the cubic monolithic specimens (5 cm on
side). The specimens tested are depicted in Figure 5.

The findings showed that i) the experimentally
tested activities found for both plastic cylindrical
containers and cubic cement pastes using LabSOCS-
calculated efficiency proved to be statistically com-
parable, ii) the variation in efficiency with quadra-
tic specimen height satisfactorily corrected the gam-
ma photon attenuation induced by the photoelectric
and Compton effects in the energy range studied
(46.54 keV to 1332.5 keV) as well as changes in
the solid angle of the detector, iii) as the activity
found on the six sides of the cubic cement specimen
were statistically indistinguishable, activity may be
determined by measuring just one side and iv) the
accuracy and precision observed for the two coun-
ting geometries met the standard acceptability crite-
ria applied in environmental radioactivity laborato-
ries. Although no significant differences were found

between 48 hours and 64 days cubic cement paste
activity, analyses should preferably be conducted af-
ter the hydration reactions have run full course to
avoid possible distortions in the **Ra activity values
calculated from *?Rn progeny. Figure 6 graphs the
variation in method efficiency with specimen height
in the energy range studied. This new measuring
methodology is currently being validated for cement
pastes bearing NORM waste and hybrid alkali-acti-
vated cement pastes.

Radiological studies have likewise been conduc-
ted on Portland cement concretes (10). Trevisi et
al. (105) ran an extensive study of the radiological
data for a number of building materials, concretes
among them. The concentration activities for con-
cretes from different countries drawn from that pa-
per are reproduced in Table 11.

The value given for each concrete as a whole
includes the radionuclide content in its main com-
ponents: cement, water, aggregates, admixtures and
mineral additions, all of which must be borne in
mind in radiological assessments, given concrete he-
terogeneity.

The concentration activities of standardised and
other conventional cements are tabled in earlier
sections of this review. Aggregates, which account
for 50 % to 75 % of the total weight, play a sig-
nificant part in concrete properties and behaviour.
Several authors have studied the radiological be-
haviour of different types of natural aggregates
(64, 74,92, 99, 108).

TaBLE 7. ?Ra, **Th and “K activity concentration in 2036 cement samples (62).

Country (21 EU_MYS) No. of samples 2Ra (Bq kg") “Th (Bq kg") YK (Bq kg")
Austria 18 27 14 210
Belgium 26 52 46 255
Bulgaria 1 29 19 160
Cyprus 20 23 8 136
Czech Republic 496 46 19 237
Denmark 6 20 12 90
Finland 11 40 20 251
France 1 35 21 24
Germany 23 86 73 170
Greece 183 85 19 257
Hungary 400 30 22 218
Ireland 3 60 11 131
Italy 200 41 63 357
The Netherlands 17 62 64 271
Poland 344 73 66 353
Portugal 8 31 19 256
Romania 55 44 27 233
Slovakia 6 35 18 223
Spain 182 70 49 273
Sweden 30 53 54 224
United Kingdom 6 22 18 160
Overall average 46 (22-86) 32 (8-73) 214 (24-357)
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TasLE 8. Radionuclides in anhydrous commercial and standardised cements (66).

Radioactive series = U (in Bg kg") =2 Th (in Bg kg") wK
2

Anhydrous cement 3 Th 2 Ra 4 ph W Bj 0 p ! u Ac u pp wp  (inBgkg?) ACI
CEM152,5R 17.6 2.3 171442 14.65+0.62 13.0£1.3 17.0+1.9 <21 17.2+1.2 18.4+3.0 6.8+1.5 201.9+8.0 0.210£0.015
CEM II/A-L 42.5R <35 26.7£3.6  27.1+29 <09 27.3£6.0 <1.18 5.94+035 5.80+0.75 2.14+032 43.7+29  0.133+0.012
CEM 1I/B-V 42.5N 72+20 66.8 +7.2 75+ 10 68.8+6.9 56+ 19 33+£1.2 31.8+3.1 346+48 128415 211.7+9.1 0.452+0.029
CEM 1II/B 42.5N 99 +20 81+15 91.9+49 885+27 <10.6 38+1.1 50620 52.6+34 204+1.0 184+ 11 0.584 £0.051
CEM152,5 S/R 174429 19.543.2 16.9+1.9 15.8+1.0 17.0+4.4 <2.11 143 +1.1 15.7+1.8 5.50+0.58 143.5+9.3 0.184+0.012
White cement 58.5+43.2 - 57.15+0.81 - - - 4.81+0.52 436+0.31 1.36+0.13 84.6+34 0.2428+0.039
White cement 23.743.8 235436 231426 219+1.3 27 10 <2.13 16.8 1.2 17.8+2.1 6.55+0.70 1463 +9.1 0.211+0.014
CAC 73.846.2 - 64.9 £0.96 - - - 131.2£1.6 1374+1.2 4242+0.59 41.4+58 0.886+0.0088
CAC <19.0 83 £11 82.0+8.8 <12 38.9+8.3 <129 118.4 £5.7 123+14 45.6 £4.0 <6.8 0.871 £ 0.046

Calcium sulfoaluminate  13.1+4.0 157429 147+1.7 101456 142438 <2.02 3.85+£0.84 5.01+0.61 1.73+0.21 105.0+7.1 0.107+0.011

CAC: calcium aluminate cement

Reproduced with kind permission of Elsevier

TasLE 9. Radionuclides in anhydrous synthetic cements with different SCMs (65).

Radionuclide concentration (Bq kg™)
Anhydrous cement

226R, 2327 oK ACI
OPC 19.23 £0.54 19.13+£0.32 2379+52 0.2382 + 0.0045
OPC + 10% SF 17.49 £ 0.69 18.41 £ 0.46 230.6+54 0.2186 £ 0.0041
OPC+ 50% FA 72.90 + 0.80 74.70 £ 0.70 277.6£5.0 0.6951 £ 0.0060
OPC+50% S 83.85+0.90 32.40+0.50 158.3+3.7 0.4892 + 0.0049
OPC+50% L 17.91+£0.35 9.65+0.31 119.8+2.9 0.1465+£0.0018

OPC: CEM 52.5R; SF: silica Fume; FA: fly ash; S: ground blast furnace slag; L: limestone
Reproduced with kind permission of Elsevier

TasLE 10. Radionuclide concentration in hydrated cements bearing different types of SCMs (65), determined on ground powdered
samples.

Radionuclide concentration (Bq kg™)

Cement paste

*Ra *Th YK ACI

OPC 7.86 £ 0.60 13.83 £0.60 166.7+6.7 0.1428 £0.0041
White Cement 26.96 +0.73 3.42+0.16 59.0+3.2 0.1271 £ 0.0038

CAC 28.6+ 1 989+ 1.8 17.2+3.4 0.535+0.011
OPC+ 10 % SF 6.97 +£0.59 13.31 £ 0.58 165.1+6.8 0.1384 £ 0.0057
OPC+ 50 % FA 49.1+1.3 62.2+1.1 211.6 8.0 0.5097 £ 0.0099
OPC+50 % S 415+ 1.1 22.76 £0.69 114.1+5.4 0.2914 £+ 0.0069
OPC+50 % L 9.35+0.33 7.09 +£0.48 7.09 +£0.48 0.0928 + 0.0044

OPC: CEM 52.5R; SF: silica Fume; FA: fly ash; S: ground blast furnace slag; L: limestone; CAC: calcium aluminium cement
Reproduced with kind permission of Elsevier
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The nature of the fine (sand) and coarse aggrega-
tes used in concrete manufacture determines their
contribution to the overall radionuclide concentra-
tion activity in concrete, although it varies widely.
According to Raghu et al. (105), in India the contri-
bution of the sand to **Ra activity may range from
90 Bq kg' to 554 Bq kg'; in **Th from 101 Bq kg
to 358 Bq kg' and in “K from 280-633 Bq kg’
Figure 7 compares the mean radium equivalent acti-
vity of sand to the activity of other Tiruvannamalai
building materials (108).

Kovler et al. (63) studied radionuclide concentra-
tions in Israeli building materials and compared the
values for different types of standard weight and
lightweight aggregates. Their findings are reprodu-
ced in Table 12.

As the data in Table 12 show, the lightweight
aggregate exhibited higher values in all natural ra-
dionuclides, “K in particular.

The activity concentrations of the natural ura-
nium, thorium, actinium series and “K are known to
be high in granite, where the thorium (Th)/uranium
(U) mass ratio ranges from 2.25 to 4.67 (17, 109,
110). Granite is a mineral that can be used as a
building material in its own right or as fine aggrega-
te in portland cement mortars and concretes. The
authors of this review recently studied (under afore-
mentioned project BIA2016-77252-R) the effect of
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particle size distribution and mineralogical composi-
tion of granite from the Spanish region of Galicia
on the radiological behaviour of cement mortars (19,
111). According to the findings, granite particle si-
ze distribution and mineralogical composition affect
radionuclide activity concentration, as may be infe-
rred from Table 13 and Figure 8 (111). The activity
concentrations of the thorium and uranium natural
decay series were highest in the finest fractions. A
correlation was observed between thorium and the
MgO and Fe,O, normally present in mica group
phyllosilicates. ACI values were higher in granite
aggregate than quartz sand mortars (Figure 9) (19).
Very few studies have been conducted on the con-
tribution of concrete admixtures to overall concrete
radiological behaviour. The authors of this article,
under project BIA2016-77252-R, explored the beha-
viour of several organic and inorganic admixtures
used as pigments or water repellents in concretes
and mortars (48). Low radionuclide concentrations
were observed except in natural pigments, which
raised the #*U series concentration. Those low levels
were attributable to the raw material used, namely
the red mud generated in aluminium production.
The radiological risk for the general public and
for workers due to exposure to pigment-modified
construction materials was consequently assessed.
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Taste 11. **Ra, **Th and “K activity concentration in 2727 concrete samples (105).

N of #‘Ra (Bq kg*) *Th (Bq kg*) “K (Bq kg*)
Country
samples  Average Min Max  Average Min Max  Average Min Max

Austria 1 15 7 21 14 3 57 164 16 382
Belgium 37 17 5 42 16 5 42 247 85 490
Bulgaria 2 25 19 30 24 17 30 450 200 700
Czech Republic 491 33 24 495
Denmark 121 152 15 670 27 10 53 620 280 1190
Finland 294 42 33 53 37 34 39 740 359 964
France 16 44 8 126 40 4 106 88 58 118
Germany 75 54 30 100 57 23 100 629 400 1100
Greece 64 40 22 85 6 3 17 101 7 383
Hungary 97 16 13 18 22 11 33 356 204 437
Ireland 8 29 18 68 12 3 13 217 16 1100
Italy 20 19 13 23 18 12 24 329 230 457
Lithuania 1 32 17 426
Luxembourg 2 93 88 98 92 90 93 110 73 146
The Netherlands 55 35 10 115 30 6 132 263 140 870
Poland 678 115 65 200 72 36 127 666 492 1005
Portugal 38 61 1 167 50 1 152 747 11 1450
Romania 133 65 17 114 64 16 115 425 163 918
Slovakia 41 34 11 45 27 7 40 402 251 664
Slovenia 3 117 20 309 20 10 40 218 105 406
Spain 24 30 32 204
Sweden 509 242 42 1300 70 31 100 627 276 819
United Kingdom 17 61 18 89 30 13 42 493 370 650
Overall average 60 35 392
CV (%) Overall range 1 1300 1 152 7 1450

- 300 -

oo

55

S € 150

EE 100 -

1250

0 T T T T T ]
Brick Clay Soil Sand Cement Tiles
Building Materials

FiGure 7. Mean radium equivalent activity in Tiruvannamalai building materials (108). Reproduced with kind permission of Elsevier.
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TasLe 12. Specific radioactivity (Bq kg"') of **Ra, **Th and “K in natural aggregates available in Israel (63).

Radionuclide concentration (Bq-kg"')

Normal weight aggregate

26Ra Th “K
Basalt coarse 12.0 13.7 308.5
Dolomite coarse 28.0 3.1 33.6
Limestone coarse 18.3 7.4 77.1
Gravel 15.0 3.0 50.4
Limestone sand 12.1 4.1 51.1
Quartz sand 3.1 3.7 90.9
Lightweight aggregate
LECA (Norwegian weight 66.1 58.3 1149.0
product, made of expanded clay)
Pumice aggregate (Greek 53.2 65.9 1155.0
product)
Experimental aggregate (Israeli 61.2 55.1 1015.0
product, made of coal fly ash)
Tuff 33.1 41.1 534.3

Reproduced with kind permission of Elsevier

TaBLE 13. Activity concentration of radioisotopes “K, '“Pb and *?Pb for three types of granite aggregates, standard aggregate and cement (111).

Activity concentration (Bq kg")

Material (Spanish Region) Size K S PbC*Ra) pr——
230 pm 1015 +43 200 + 30 70.5+5.7

0-2 mm 1030 + 44 207 +31 72+12

Corufia 0-4 mm 1081 +92 180 +27 65+ 11

5-8 mm 1206 + 104 148 £22 63+ 11

9-20 mm 1201 + 88 172 £26 95+ 16

230 pm 945 + 81 135+20 99+ 16

0-2 mm 875+ 75 128+ 19 90+ 15

Granite aggregate  Vigo 0-4 mm 841+ 72 115+ 17 86+ 14

5-8 mm 1244 + 106 99+ 15 88+ 14

9-20 mm 1191 £ 103 120+ 18 120 +20

230 um 1032 + 88 114+ 17 161 £26

0-2 mm 933 +80 96 £ 15 148 +£24

Lugo 0-4 mm 1050 = 90 90+ 14 139+£23

5-8 mm 1347 £ 115 111 £17 152 £33

9-20 mm 1073 £ 92 90 + 14 79+13

Standard siliceous aggregate 0-2mm 147 £ 13 42+0.71 72+1.2

Cement 205+ 18 32.0+49 150+24
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Ficure 8. Variation in the activity concentration index

with particle size in three types of granite aggrega-
tes (111). Reproduced with kind permission of Elsevier.

The doses received by those two communities were
neither significant nor constituted any perceptible
hazard, essentially in light of the small amounts of
pigment used to prepare mortars.

4.5.2. Alkali-activated cements and concretes.
Geopolymers

Alkali-activated materials (AAMs) are the pro-
duct of the reaction between a (solid or dissolved)
alkaline metal and a solid silicoaluminate powder
(binder or precursor). The precursor may be meta-
kaolin, steel or ion mill slag, a natural pozzolan or
fly or bottom ash. The alkalinity required is sourced
from alkaline hydroxides, silicates, carbonates, sul-
fates, aluminates or oxides. As many of the precur-
sors and some activators may carry NORM waste,
the radionuclide concentration of these alternative
cements and mortars should be determined (10).

The radiological behaviour of alkali-activated slag
and fly ash cement pastes was first studied by Puer-
tas et al. (65) in vitreous blast furnace slag (BFS)
activated with waterglass (AAS) (SiO,/Na,O ratio of
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FIGURE 9. Activity concentration index, ACI, for mortars prepa-
red with standardised (AN) or (Coruiia, Vigo or Lugo) grani-
te aggregates with particle sizes 0 mm to 2 mm and 0 mm
to 4 mm (111). Reproduced with kind permission of Elsevier.

0.86) and the same precursor activated with NaOH
pre-treated waste glass (waste glass-AAS) at the sa-
me SiO,/Na,O ratio. The fly ash(FA) precursor, in
turn, was activated with an 8 M NaOH solution con-
taining 15 % waterglass (N/15Wg-AAFA) as well as
with waste glass (waste glass-AAFA). Their findings
are summarised in Table 14.

The overall ACI values were higher for fly ash
than for vitreous slag and the former were much
higher than observed for ordinary Portland cement.
Nonetheless, as the values recorded for these geo-
polymers were consistently lower than 1, they would
be fully compliant with the existing legislation.

A more recent study conducted by Nuccetelli et
al. (75) of the radiological behaviour of concretes
manufactured with fly ash from five coal-fired po-
wer plants in Serbia yielded the results given in
Table 15. Their findings also showed ACI values
consistently under 1 in all the alkaline concretes
analysed.

Other authors report that alkali-activated meta-
kaolin materials are also free of radiological risk
(88). That paper also specifies the absorbed dose

TasLE 14. Post-alkaline activation activity concentrations (Bq kg"') in raw materials (fly ash, BFS and waste glass) and cements
(uncertainty, k=2) (10, 65).

Series U 22 Th P K ACI*

Material 34Th 1 Pp 2 Ac 12 pp 28T

Fly ash 130£7.1 1274+13 130.3£1.5 133.8+1.3 41.33+£0.57 316.4+59 1.1815 +0.0089
BFS 156.4+6.8 1472+14 45.7+0.86 429+1.2 14.71 £0.30 76.3+2.7 0.7448 + 0.0065
Waste glass 114+1.1 8.73+0.19 5.83+0.22 6.28 £0.12 1.867 = 0.075 226.8+4.4 0.1338 +0.0020
Wg-AAS 91.5+5.6 48.7+1.1 22.84+0.71 23.3+0.69 7.7+0.39 77.0+£5.0 0.3022 + 0.0054
Waste glass-AAS 944+ 6.7 545+1.4 23.78 £ 0.81 24.99 +0.83 8.04+0.41 89.2+4.8 0.3303 + 0.0064
N/15Wg-AAFA 56.4+5.7 36.44+0.97 67.8+1.4 75.1+1.8 21.57+0.59 578 £15 0.6531 + 0.0092
Waste glass-AAFA 57.4+£32 379+1.1 622+1.2 75.1+£1.2 22.62+0.63 550+ 14 0.6207 +0.0084
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TasLe 15. Natural radionuclide activity concentration in alkali-activated fly ash concretes (75).

ZSZTh 40K
AAFASC samples ACI
(Bq kg")
C_FA-1 184+04 285+1.5 232+4 0.26 +£0.1
C_FA-2 18.6+04 288+ 1.3 225+4 0.26 +£0.1
C_FA-3 125+0.2 21.2+09 196 £ 3 0.20+0.1
C_FA-4 149+03 277+ 1.7 218+3 0.24+0.1
C_FA-5 16.1+0.3 283+1.2 197+3 0.24+0.1

rate (DR) and the annual effective dose rate (EDR),
calculated as recommended in the UNSCEAR 2000
report. The authors note that the specific activity
of the natural radionuclides in metakaolin resulting
from pre-heating kaolin at 750 °C was 1.6, while the
geopolymer exhibited the lowest specific activities.

The present authors, again under the umbrella
of project BIA2016-77252-R, explored the composi-
tions of a number of geopolymer pastes, including
hybrid systems (blends of OPC and an activated
precursor traditionally used in geopolymers). The
precursors included coal fly ash, glassy blast furnace
slag and red mud (90). The radiological findings
graphed in Figure 10 show that when red mud ac-
counts for >60 % of a cement or geopolymer, the
ACI values exceed 1. At lower values the waste is
Euratom directive-compliant. Croymans et al. (112)
contend that to ensure workers receive lower than
the safe occupational dose stipulated in Radiation
Protection (RP) 122 (0.3 mSv/a), building materials
should contain less than 75 wt% of Ukrainian bau-
xite waste. Applying that same criterion, however,
no constraint on the use of Ukrainian bauxite waste
would be necessary in road construction.

5. FINAL REMARKS

The natural radioactivity of industrial waste/by-
products qualifying for inclusion in building mate-
rials, along with the radioactivity of the end pro-
ducts, namely cements and concretes, must be deter-
mined to validate their ultimate use and application.
That in turn translates into ensuring the doses of
those products handled on construction sites are in-
nocuous and working conditions are safe and con-
trolled. The buildings and structures bearing those
materials must also comply with all the health and
safety criteria and legislation in place that protect
building occupants and users.

This review does not address radon (isotope *?Rn)
emanation/exhalation associated with building mate-
rials, a matter of particular social, environmental and
public health interest. Radon gas is known to have
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Ficure 10. Activity concentration index
(I) for the pastes studied (94).

harmful effects on health, particularly as concerns
lung cancer (113), with 20 000 yearly deaths in the
world from that disease attributed or related to radon
gas.

More radiological studies and controls should be
conducted on all building materials and particularly
those bearing or manufactured with waste/by-pro-
ducts. As important as understanding the mechanical
strength, soundness and durability of building mate-
rials is knowing whether they release radioactivity
or other harmful or unhealthy elements during han-
dling and ultimate on-site use.
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