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A B S T R A C T

The use of supplementary cementitious materials (SCMs) is one of the most used ways to reduce CO2 emissions
associated with the production of Portland cement. However, many of these SCMs are Naturally Occurring
Radioactive Materials (NORM), which present naturally occurring radionuclides. Radon emission from these
types of materials, together with radon infiltration from the ground through them, is one of the main sources of
indoor radon. These pathways through the building materials are regulated by the radon diffusion coefficient, D.
In this work, the radon properties of 7 cement pastes (at 2 and 28 days) were studied in function of the technical
properties to determine their suitability as building and insulating materials against radon. Two main results
were found: The D of the pastes changed by an order of magnitude between those with a 2-day curing time and
those with a 28-day curing time, the latter being less permeable to radon, and there was also a decrease in D as
the percentage of superplasticiser admixture increased, due to the reduction in the porosity of the final pastes and
the reduction in radon permeability. The lowest D value obtained was of (4.3± 0.4) ⋅10-11 m2 s-1 for the paste
with a 70% of cement, 30% of fly ash, 0.6% of superplasticiser admixture and 28 days of curing. In conclusion, it
was found that different characteristics of the paste production, which influence the final microstructure, can
produce cements containing NORM with permeabilities to radon low enough to be used as a radon barrier.

1. Introduction

Although the construction sector is an important economic and social
actor on a global scale, it has a large energy and environmental impact.
The manufacture of different building materials leads to the emission of
large quantities of greenhouse gases (GHG), specifically CO2, into the
atmosphere [1]. Concrete, which is the main building material and the
most widely used human-made material in the world, has as its main
component Portland Cement (PC), which is mainly composed of a ma-
terial called clinker. The manufacture of this clinker requires large
amounts of both raw materials and energy, and it is estimated that for
every tonne (1000 kg) of clinker produced, 0.8 tonnes of CO2 are emitted
into the atmosphere, representing about 7% of global anthropogenic
CO2 emissions worldwide [2].

One of the most important strategies to mitigate this negative effect
is the production of cements with low clinker content and its

substitution by Secondary Cementitious Materials (SCM) [3–5], which
are in many cases waste or industrial by-products, such as blast furnace
slag, silica fume, natural pozzolans, fly ash, etc as well as promising new
SCMs such as biomass ashes, new pozzolanic materials, sludges of
different nature etc. [6,7] that are not yet covered by European stan-
dards [8].

However, the use of these SCMs or other types of waste or alternative
materials must guarantee that: a) the technical specifications of each
building material are met, and b) their use does not pose any risk to the
health of living beings or to the environment. In many cases these waste
and materials pose a higher content of natural radionuclides than those
normally found in nature, which could imply an undesirable radiolog-
ical risk. These materials can be a) geological materials with a high
concentration of natural radionuclide activity, such as granites, basaltic
rocks or sedimentary rocks like clays, sandstones or limestones; b)
NORMwastes or ‘Naturally Occurring Radioactive Materials’, which are
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wastes from mining or industrial manufacturing that have an increased
concentration of naturally occurring radionuclides compared to the raw
materials [9,10]. These NORM wastes include many of the current ad-
ditions to cement, such as fly ash (FA) or blast furnace slag (S), or other
wastes that are included in non-conventional sustainable cementitious
materials (phosphogypsum, red mud, slags, etc.) or mining sludge
wastes used in the manufacture of mortar and concrete.

The natural radionuclides are those belonging to the natural radio-
active series 238U, 235U and 232Th, together with 40K, present in almost
all constituents of the earth’s crust. These radionuclides are responsible
for the natural dose received by humans together with cosmic radiation.
The effective natural dose to a person is due to external exposure from
gamma radiation, ingestion and inhalation from radon daughters in the
air.

222Rn is a radioactive short-lived (T1/2 = 3.82 d) gas from the
naturally occurring radioactive chain from 238U. This gas emanates from
the solid grains and then can migrate into the surface of the material and
escape into the atmospheric air [11,12]. Radon is diluted in the atmo-
sphere reaching in outdoors surface air concentrations around
10 Bqm-3, but indoors it can accumulate and reach levels up to 3 orders
of magnitude higher [13,14]. Radon decays in the air into its four
short-lived radionuclides, which are generally attached onto the atmo-
spheric aerosols, and can be inhaled generating a radiological exposition
to tissues. Long-term inhalation under high concentrations increases
significantly the lung cancer risk, being the second most common cause
after tobacco [15–17].

International organizations such as the International Commission on
Radiological Protection (ICRP) or theWorld Health Organisation (WHO)
advocate international programmes to reduce the risk of radon to the
public [18,19]. The new European Directive 2013/59/EURATOM [20]
on basic safety standards include radon requirements to reduce the
public exposure to radon, requiring Member States to elaborate national
plans against radon and to establish a national reference value for radon
concentration in close buildings, with the reference value being an
annual average of less than 300 Bqm-3. In Spain, this requirement is
included in the Technical Building Code [21], where the basic require-
ment of protection against radon appears, stating that buildings shall
have adequate means to limit the foreseeable risk of excessive exposure
to radon in enclosed spaces.

Radon can accumulate inside buildings through three mechanisms
[22]: a) soil gas convection through cracks and fissures, b) soil gas
diffusion from the ground through the porosity of building materials and
c) exhalation from building materials d) outdoor air and tap water.
However, the main source of indoor radon [23,24] is the infiltration
from the soil of the building basement, through cracks and crevices, or
by diffusion through the construction elements [25–27]. The building
materials themselves, depending on their radioactive composition [28,
29], can also generate radon and release it into the indoor air [30–32].
To achieve the objectives of the Directive, it is necessary to ensure the
reliability of measurements of the radon concentration in air, the radon
exhalation rate and the radon diffusion coefficient in a way that is
simple, robust and easy to replicate. The determination of the radon
diffusion coefficient of construction elements is essential to control the
radon exhalation rate on indoor surfaces and to ensure that the radon
concentration is below the recommended levels. For this reason, it is
necessary to find building and insulation materials [33–36], that is
materials designed to have a low radon permeability, to reduce indoor
radon concentrations [37].

There are several methods for determining the radon diffusion co-
efficient [38]. Some of them use indirect measurement, by using two
activated charcoal canisters, one of which is covered with the problem
material, and exposing them to a known radon concentration [39], or by
covering one side of a modified Lucas cell, also containing a radon
source, with the problem material and studying the decay of the radon
concentration [40,41]. Others use direct measurements to study the
exhalation rate from one side of the material and obtain the radon

diffusion coefficient assuming a steady state [42,43], and there are also
non-experimental methods using Monte Carlo simulation [44]. There is
also an existing ISO norm for the determination of the radon diffusion
coefficient, ISO 11665–13 [45], which is based on the work of [46]. The
methodology relies on the measurement of the radon concentration in
two chambers separated by the problem material. A radon source is
placed in one of the chambers and the other one is kept empty, and this
difference in concentration will generate a diffusion transport through
the problem material. In [47] an algorithm has been developed in order
to make the methodology easier to apply and replicate.

Radon insulation layers are usually placed on mortar and concrete,
the lower the radon diffusion through them, the higher the effectiveness
of the insulation system. In Spain protective barriers must ensure that
the radon diffusion coefficient is less than 10-11 m2 s-1 [21], but there is
not an international or European standard [48]. Other examples of
regulations are in Ireland, where the radon diffusion coefficient must be
less than 10-12 m2 s-1 [49], or countries with a regulation on the thick-
ness of the radon barrier, like Germany, less than 3 times its diffusion
length [50], or the Czech Republic, less than a parameter that depends
on the building and soil characteristics [51]. There are also previous
studies on radon exhalation from different building materials, some of
which incorporated fly ash into concretes [52,53]. However, our study
has gone further by assessing the possibility that these materials, while
exhaling radon, can serve as insulating materials in cases where there is
an elevated radon source in the soil at the building foundation. In this
work a new methodology has been applied to measure the radon
diffusion coefficient [47] of cement pastes with different percentages of
fly ash and a superplasticiser admixture. In this way, this work has
addressed both the need to solve the problem of reducing cement pro-
duction by using SCMs and the need to find materials with a low radon
diffusion coefficient to use as radon barriers.

2. Materials and methods

2.1. Materials

The followingmaterials were used in this study: I) a CEM I 42.5 R and
(CEM), II) a F-type fly ash (FA) (ASTM C618) from the coal combustion
in a thermoelectric power plant located in Teruel (Spain). Additionally,
in some of the mixtures specified in the following section, a Sika Vis-
coCrete superplasticiser admixture based on polycarboxylates (PCE) was
added.

The chemical analysis of both the starting materials was carried out
by X-ray fluorescence (XRF) (S8 Tiger Bruker) (Table 1).

As it can be seen in Table 1, the predominant oxides in the CEM are
CaO (63.78%), SiO2 (19.84%), Al2O3 (5.38%) and Fe2O3 (2.43%), while
in the FA, the main oxides are SiO2 (41.55%), Al2O3 (22.97%) and Fe2O3
(23.26%). These compositions are in agreement with previous studies
[54,55].

Mineralogical composition was carried out by X-ray diffraction
(XRD) using a BRUKER-AXS D8 ADVANCE diffractometer. The
recording conditions were in the range 2θ values of 5–60º with a step/
size equal to 0.019736º and a time/step of 0.5 s and using Cu-Kα1 ra-
diation. For the analysis of the diffractograms, the Diffract Plus EVA
(Fig. 1). The main phases identified for CEM were gypsum, quartz, alite,
belite, C3A and C4AF, all of which are common in type I cements. For the
FA, the identified phases were quartz, mullite, hematite, magnetite,
magnesioferrite, maghemite and lime. In addition, the presence of an
amorphous halo is observed between the 15–35◦ 2θ angles, corre-
sponding to the presence of amorphous content.

Particle size distribution of CEM and FA, were determined by laser
diffraction with a S. Malvern Mastersizer with isopropanol as dispersing
medium, and BET area values were determined on aMicromeritics ASAP
2000. Table 2 presents the results of the particle size distribution for
CEM and FA, graphically represented in Fig. 2. The CEM used shows a
particle size distribution, with 90% of the particles below 27 µm, 50%
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below 8.51 µm and, for the remaining 10%, a bottom particle size of
under 1.29 µm. On the other hand, FA had a bimodal distribution cen-
tred on two particle size peaks, 16.40 and 4.58 µm. However, 90% of the
FA particles were below 30.06 µm, 50% below 7.81 µm, and a per-
centage of 10% of particles under 1.82 µm.

The average specific surface area of the particles of CEM and FA,
were analysed by the BET method (ASAP 2420 Micromeritics), and it
was found that the particles of FA have a higher specific surface area
than those of CEM (Table 2).

2.2. Design and sample preparation of pastes specimens

In this study, seven different cement paste blends were prepared by
increasing the percentage of replacement of cement (CEM) with fly ash
(FA). Two of the prepared blends included the addition of super-
plasticiser admixtures in different proportions on the weight of solid.

Table 3 shows the proportions (% weight) of the raw materials used
in each blend, as well as the liquid/solid ratio used, which was kept
constant for all blends, with the exception of those that included
superplasticiser admixture, which considerably decreases the water

demand. Therefore, in order to compare all the samples, all blends were
prepared with the necessary liquid/solid ratio to reach same consistency
in all pastes. The consistency of the different blends was determined by
performing a normal consistency test according to the standard UNE-EN
196–3:2017 [56].

To prepare the different blends and prior to the addition of water, the
CEM and the FA were mixed and homogenised in a blender machine
(T2C TURBULA®, WAB) for 1 hour at 34 rpm. For the samples con-
taining superplasticiser admixture (PCE), this was added to the water
and homogenised previously. The pastes were placed in different
moulds:

− Seven cubic moulds with dimensions of 5 × 5×5 cm3

− Four cubic moulds of 3 × 3×3 cm3

− and onemould of 1 × 10 x 10 cm3. The latter mould in slab geometry
was prepared specifically for this study by means of a 3D printer
using polypropylene as the material, so as to adapt to the proposed
methodology for the measurement of the radon diffusion coefficient.

The samples were cured in a climatic chamber (25◦C and 99% RH)
during 20 h. Afterwards the specimens were demoulded and kept under
the same conditions for a curing time of 2 and 28 days.

As an example, Fig. 3 shows the specimens prepared for one of the
pastes made.

2.3. Characterization of the pastes: mechanical performance, physical
characteristics and microstructure of the pastes

The mechanical compressive strength of each blend, at ages of 2 and
28 days, was carried out using an Ibertest Autotest-200/10-SW press.

Table 1
Chemical composition (% wt.) of CEM and FA.

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 Na2O K2O P2O5

CEM 19.84 5.38 2.43 63.78 1.48 0.24 0.04 0.70 0.09
FA 41.55 22.97 23.26 6.37 0.70 0.95 0.35 1.33 0.13
​ SO3 MnO SrO ZrO2 ZnO BaO Cl Cr2O3 LoI*
CEM 3.33 0.07 0.06 - 0.05 0.04 0.01 0.01 2.78
FA 0.75 0.06 0.05 0.03 0.02 - - 0.03 1.42

* LoI. Loss on ignition (1000ºC)

Fig. 1. Diffractograms of the CEM and FA used for the cement pastes preparation. G: Gypsum (CaSO4⋅2 H2O) (COD 9015350), Q: Quartz (SIO2) (COD 9009666), C3S:
Alite (3CaO⋅SiO2) (COD 1540704), C2S: Belite (2CaO⋅SiO2) (COD 9012789), C3A: Tricalcium Aluminate (3CaO⋅Al2O3) (COD 9014359), C4AF: Brownmillerite
(Calcium Aluminoferrite) (4CaO⋅Fe2O3⋅Al2O3) (COD 1008724), M: Mullite (Al4+2xSi2–2xO10-x) (COD 7105575), Hem: Hematite (Fe23+O3) (COD 9015964), Mag:
Magnetite (Fe2+Fe23+O4) (COD 9005812), Mfr: Magnesioferrite (Mg(Fe3+)2O4) (COD 9007273), Mgh: Maghemite (Fe23+O3) (COD 9006318), Lm: Lime (CaO)
(COD 1000044).

Table 2
Particle size distribution of CEM and FA at the 10th, 50th and 90th percentiles,
together with their specific surface area obtained by BET.

Dv (10)
µm

Dv (50)
µm

Dv (90)
µm

Degassing
conditions

BET area
(m2/g)

CEM 1.29 8.51 27.0 50ºC/16H 2.33
FA 1.82 7.81 30.6 50ºC/16H 4.10
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For this purpose, three specimens of 5 × 5×5 cm3 dimensions per blend
and curing time were used, being the final result the mean value and the
error the standard deviation.

The water absorption and density of the prepared cement pastes were
obtained from the three cubic specimens with dimensions of
3 × 3 × 3 cm3 using the following expressions (Eqs. 1 and 2):

WaterAbsorption =
WS − WD

WD
⋅100 (1)

Density =
m
V

=
WD

WS − WWS
⋅ρw (2)

Where, WS is the weight of the sample saturated in water after removing
excess water from the surface, WD is the weight of the sample after
24 hours in an oven at 105◦C, WWS is the weight of the sample saturated
and immersed in water and ρw is the water density [57,58].

The standard deviation for the density values were calculated from
the measurement of three specimens.

The porosity of the pastes, as well as the pore size distribution, was
obtained by mercury intrusion porosimetry (MIP), using a Micromeritics

Autopore IV 9500 analyser. The analyses were carried out on a fragment
of a 3×3 x 3 cm3 cubic test specimen, previously submerged in iso-
propanol for 48 h to stop the hydration processes, and then dried in an
oven at 40◦C for 24 hours.

2.4. Radionuclides measurement

Two types of samples were measured: i) powder samples measured in
a cylindrical polypropylene container with a diameter of 76.5 mm and
height of 30 mm and ii) cement pastes as cubic prisms of 5x5x5 cm3.
Radon exhalation loses were minimised by sealing the cylindrical
container with parafilm and impregnating the six sides of the
quadrangular prisms with an epoxy resin. The epoxy resin used con-
sisted of a mixture of two components (C30H43O7Cl and C17H30ON2) in a
ratio of 100:60. Once the epoxy resin hardened, it had an average
thickness of 0.15 mm on each prism face. To ensure the secular equi-
librium between 226Ra and 222Rn, 30 days passed between the sample
preparation and the gamma measurement. Different coaxial HPGe de-
tectors were used: 2 extended range (XtRa), 1 broad energy (BEGe) and 1
reverse electrode (REGe). The full energy peak efficiency of the four
detectors was determined using the Montecarlo code LabSOCS [59,60]
and the true coincidence summing corrections (TCS) was applied using
the Peak-To-Total method of Genie 2000 [61].

The activity concentration of 226Ra was determined both directly
from the 186 keV photopeak and indirectly from the short half-life
gamma-emitting progeny (214Pb and 214Bi). The interferences pro-
duced by 235U in the 186 keV photopeak were removed by calculating
the counts due to 235U from the 63 keV photopeak of 234Th [62,63].
Other radionuclides as 210Pb, 228Ra, 228Th, and 40K were also deter-
mined. The procedure for averaging samples, backgrounds and quality
controls was accredited by ENAC based on the UNE-EN ISO/IEC
17025:2017 standard [64].

The activity concentration index (IC) provides an estimate of the
suitability of a given final building material to ensure that the annual
external excess dose above the natural background is less than 1 mSv
[20,65], and is defined as:

Ic =
C226Ra

300
+
C232Th

200
+

C40K

3000
(3)

With C226Ra, C232Th and C40K the activity concentration of
226Ra, 232Th and

40K in Bq kg-1.
In addition, the Spanish regulation [66] defined the index ID to be

Fig. 2. Particle size distribution and cumulative distribution of the CEM and FA.

Table 3
Code of the sample depending on the composition and curing time. For example,
for a composition of 70% of cement, 30% of fly ash, 0.4% of admixture plasti-
ciser and 2 days of curing time the code will be 70–30-04SP-2. When the plas-
ticiser is not added, its position in the code is removed as the case of 100–0-28.

Code CEM (%) FA (%) SP (%)a Curing Time (days) l/s*

100–0–2
100 0 -

2
0.29100–0–28 28

90–10–2
90 10 -

2
0.29

90–10–28 28
80–20–2 80 20 - 2 0.29
80–20–28 28
70–30–2 70 30 - 2 0.29
70–30–28 28
60–40–2

60 40 -
2

0.2960–40–28 28
70–30–04SP− 2

70 30 0.4
2

0.23
70–30–04SP− 28 28
70–30–06SP− 2 70 30 0.6 2 0.22
70–30–06SP− 28 28

a % of CEM + FA total weight.
* l/s = liquid solid ratio.
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applied in the case of materials used as coating or insulation, the
expression of which is as follows:

ID=
[(

281+16.3ρd− 0.0161(ρd)2
)
CRa226+

(
319+18.5ρd

− 0.0178(ρd)2
)
CTh232+

(
22.3+1.28ρd− 0.0014(ρd)2

)
CK40

]
⋅10− 6+0.19

(4)

Being ρ the density in kg m-3 and d the thickness of the material in m.
The two indexes indicated in the regulations were calculated for the

1x10x10 cm3 pastes prepared in this study. The reference level estab-
lished in [66] will be met when the value of the indexes is less than 1.

2.5. Emanation factor, radon potential, exhalation rate, measurement
and radon diffusion coefficient measurement

The methodology used to obtain the radon emanation factor, the
radon potential and the radon exhalation rate is based on placing the
problem material inside an accumulation volume [67–69]. The radon
concentration in the volume over time has a known equation, which is a
balance between the radon generated by the material and the radon that
is lost by natural radon decay, the system leakage and the back-diffusion
effect. By measuring the radon concentration in the volume of accu-
mulation for an interval of time and fitting the data of radon concen-
tration versus the measurement time using a known equation, the
emanation factor, radon potential and exhalation rate can be calculated.

The emanation factor and radon potential were measured for the
powder raw material of cement and fly ash and the exhalation rate was
measured for all the final pastes made with the 1 × 10 x 10 cm3 mould.
Our experimental set-up consists of a polypropylene chamber of 2.4 L,

which will be the accumulation volume, and a radon detector. Two
different radon detectors were used, a RTM 1688–2 [70] and a RAD7
[71] (Fig. 4).

The methodology applied to obtain the radon diffusion coefficient is
based on the ISO 11665–13 [45]. The main idea is to place the problem
material between two chambers, one of which will be empty (“receiver
container”) and another one will contain a radon source (“source
container”), generating a radon flow between both chambers. From the
measurements of radon concentration in both chambers the radon
diffusion coefficient, D, can be calculated. This is done by solving the
diffusion problem equations inside the material and the accumulation of
radon in the receiver container for different values of D. These estimated
measurements are then compared with the experimental measurements
until the value that best fits the data is found. All the calculations are
done though a procedure developed by [47].

As the exhalation rate, the diffusion coefficient was measured for all
the final pastes prepared with the mould of 1 × 10 x 10 cm3. The
experimental set-up is shown in Fig. 5 and consists of two accumulation
chambers of 2.4 L each, a perforated cover where the problem material
is placed that fits between the two chambers, a radon source, and two
radon detectors, a RTM 1688–2 [70] and a RAD7 [71].

3. Results and discussion

3.1. Mechanical performance, physical characteristics and microstructure
of the pastes

The results of mechanical strength are shown in Fig. 6.
It can be observed that the mechanical strengths of all the pastes

(Fig. 6) show an increase between 2 and 28 days, which was to be

Fig. 3. Example of the samples prepared with the different moulds for the 100–0–2 specimens.
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expected due to the progress of hydration reactions. The substitution of
CEM by different proportions of FA has a negative impact on the me-
chanical strength, higher as the percentage of substitution increases and
more pronounced at 40% of replacement at 2 days. This effect is well
known given that the pozzolanic reaction of FA is slow and at two days it
has hardly occurred. At longer times (28 days) the negative effect of the
replacement is becoming less pronounced [54].

However, the specimens prepared with superplasticiser admixture,
which had a proportion of 30% FA, developed the highest compressive
mechanical strengths at 2 and 28 days. Those that included 0.4%
superplasticiser developed strengths of 68.2 and 112.6 MPa at ages 2
and 28 days, respectively. With the addition of 0.6% of superplasticiser,
the tested specimens developed strengths of 69.0 and 113.6 MPa at
curing ages of 2 and 28 days, respectively. No significant differences in
mechanical strength results were observed between the samples pre-
pared with 0.4% and those prepared with 0.6% admixture. The me-
chanical strength of the pastes with SP admixtures increased
significantly as the admixture allows the reduction of the l/s ratio (see
Table 3). This is due to the fact that the SP admixture deflocculates the
cement particles, freeing the water retained between them, and thus
improving the hydration of the pastes [72].

The water absorption and density of the hardened samples are shown
in Fig. 7.

Regarding the pastes prepared without superplasticiser admixture, it
can be observed that the water absorption in all the pastes (Fig. 7a) is
higher at 2 days than at 28 days, as expected due to the progression of

the hydration reactions at 28 days. The highest water absorption occurs
in the 60–40–2 pastes with an increase of 14% compared to the pastes
without FA.

The density values (Fig. 7b), follow the opposite trend as expected,
and coherent with the water absorption values, presenting the lowest
density for the 2-day sample with 40% substitution by FA (60− 40− 2).

The results for the porosity and pore size distribution of pastes are
shown in Fig. 8.

The mercury porosimetry results (Fig. 8) show that in all cases, the
28-day pastes have lower values than the 2-day pastes, although no
significant differences are observed in the pore size distribution.

All these results are perfectly coherent with the values obtained for
the mechanical strengths (Fig. 6). The replacement of CEM by FA leads
to a lower quantity of hydration products at early ages. The pozzolanic
reaction of the FA with the portlandite resulting from the hydration of
the CEM is a slower process and therefore, the higher the percentage of
substitution, the lower the densification of the microstructure, the
higher the porosity and therefore the higher the water absorption and
the lower the mechanical strength, this effect being more evident at
short ages [54,73]. In pastes with the addition of superplasticiser, and
therefore with a lower w/c ratio, the densification of the samples in-
creases, and the water absorption and porosity of the samples decreases
considerably, being these effects more evident with 0.6% SP [74].

Fig. 4. Experimental set-up for the radon exhalation rate, radon emanation factor and radon potential measurements.

Fig. 5. Experimental set-up for the radon diffusion coefficient measurement.
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3.2. Radioactive characterization

3.2.1. Characterization of raw materials
Table 4 shows the activity concentrations obtained for the Portland

cement (CEM) and fly ash (FA) as well as the activity ratios of
226Ra/238U and 210Pb/226Ra.

The activity concentrations obtained for the reference cement and fly
ash samples are similar to those determined in previous studies [75,76].
Also, for the cement, the activities are similar to those found on average

in a typical Spanish soil [77,78]. For the FA, being a NORM material,
there is an increase in the activity compared to the CEM. The fly ash
came from the combustion of a coal with a high lignite content, which
implies a higher activity concentration of radionuclides from the ura-
nium series than from the thorium series [54].

Both the U-series and the Th-series radionuclides are in secular
equilibrium in cements, as it is expected, excepting 210Pb. This can be
observed in the calculated activity ratios, being compatible with 1.

In the FA sample a significant disequilibrium 210Pb-226Ra is found.

Fig. 6. Mechanical compressive strength of pastes as a function of their fly ash content and/or superplasticizer content.

Fig. 7. a) Water absorption and b) density of pastes as a function of their fly ash content and/or superplasticizer content.
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This fact is ratified by 210Pb/226Ra activity concentration ratio is less
than 1, implying 210Pb losses in relation to 226Ra, its parent and a re-
fractory radionuclide not lost in combustion processes. The loss of 210Pb

is due to the range of temperatures reached in the furnace, between
1500 and 1600 ◦C, which causes 210Pb to leave the burner in a gaseous
state together with the flue gas [79,80].

Fig. 8. Porosity and pore size distribution of pastes as a function of their fly ash content and/or superplasticizer content.

Table 4
Activity concentrations of the radionuclides of the natural radioactive series of uranium (234Th, 214Pb, 210Pb) and thorium (228Ac and 212Pb) together with 40K, and the
ratios of the radionuclides of the radioactive series of uranium (226Ra/238U) and (210Pb/226Ra) for the Portland cement (CEM) and fly ash (FA).

Activity concentration (Bq kg-1)
238U-series 232Th-series
238U 226Ra 210Pb 228Ra 228Th 40K 226Ra/238U 210Pb/226Ra 228Th/228Ra

CEM 33.1 ± 1.9 29.0 ± 1.0 24.9 ± 1.6 21.1 ± 0.6 22.5 ± 0.7 173 ± 8 0.88 ± 0.06 0.86 ± 0.06 1.07 ± 0.04
FA 167 ± 6 154 ± 7 105 ± 6 54.8 ± 1.7 55 ± 3 236 ± 6 0.92 ± 0.05 0.68 ± 0.05 1.00 ± 0.07

Table 5
Activity concentrations of the radionuclides of the natural radioactive series of uranium (234Th, 214Pb, 210Pb) and thorium (228Ac and 212Pb) together with 40K, and the
ratios of the radionuclides of the radioactive series of uranium (226Ra/238U) and (210Pb/226Ra) for the final pastes.

Activity concentration (Bq kg-1)
238U-series 232Th-series
238U 226Ra 210Pb 228Ra 228Th 40K 226Ra/238U 210Pb/226Ra 228Th/228Ra

100–0–2 14.3 ± 2.0 16.6 ± 1.0 17 ± 3 15.9 ± 0.6 16.6 ± 1.0 158 ± 5 1.2 ± 0.4 1.0 ± 0.3 1.04 ± 0.07
100–0–28 18 ± 3 15.8 ± 1.0 17 ± 4 16.6 ± 0.6 16.0 ± 1.0 137 ± 4 0.9 ± 0.3 1.1 ± 0.5 1.03 ± 0.07
90–10–2 23 ± 3 27.0 ± 1.6 20 ± 4 18.8 ± 0.7 19.9 ± 1.2 156 ± 5 1.2 ± 0.4 0.7 ± 0.3 1.06 ± 0.07
90–10–28 29 ± 3 27.4 ± 1.6 22 ± 3 18.4 ± 0.6 19.2 ± 1.1 139 ± 4 0.95 ± 0.21 0.81 ± 0.25 1.05 ± 0.07
80–20–2 48 ± 4 41.1 ± 2.4 43 ± 4 23.6 ± 0.8 24.8 ± 1.5 178 ± 6 0.86 ± 0.18 1.05 ± 0.23 1.05 ± 0.07
80–20–28 46 ± 4 40.0 ± 2.2 35 ± 5 21.0 ± 0.6 22.9 ± 1.3 146 ± 5 0.87 ± 0.20 0.9 ± 0.3 1.09 ± 0.07
70–30–2 58 ± 5 50 ± 3 40 ± 5 26.0 ± 0.9 25.3 ± 1.4 164 ± 5 0.86 ± 0.19 0.80 ± 0.24 0.97 ± 0.06
70–30–28 69 ± 4 48 ± 3 46 ± 5 24.2 ± 0.8 25.5 ± 1.5 152 ± 5 0.70 ± 0.12 0.96 ± 0.22 1.05 ± 0.07
60–40–2 91 ± 5 70 ± 4 71 ± 5 30.7 ± 0.9 31.2 ± 1.8 177 ± 6 0.76 ± 0.13 1.02 ± 0.20 1.01 ± 0.07
60–40–28 86 ± 5 63 ± 4 60 ± 4 28.5 ± 1.0 30.2 ± 1.8 171 ± 6 0.73 ± 0.12 0.94 ± 0.18 1.06 ± 0.07
70–30–04SP− 2 59 ± 5 51 ± 3 44 ± 5 26.2 ± 0.8 27.1 ± 1.6 162 ± 5 0.86 ± 0.18 0.86 ± 0.24 1.04 ± 0.07
70–30–04SP− 28 61 ± 6 50 ± 3 44 ± 6 25.1 ± 0.8 25.9 ± 1.5 140.7 ± 5 0.82 ± 0.19 0.88 ± 0.24 1.03 ± 0.07
70–30–06SP− 2 74 ± 5 54 ± 3 58 ± 6 27.2 ± 1.0 28.3 ± 1.7 178 ± 6 0.73 ± 0.14 1.07 ± 0.24 1.04 ± 0.07
70–30–06SP− 28 66 ± 5 58 ± 3 60 ± 5 25.8 ± 0.8 28.2 ± 1.6 159 ± 5 0.89 ± 0.16 1.03 ± 0.22 1.09 ± 0.07
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3.2.2. Activity concentration indices for gamma radiation
Table 5 shows the activity concentrations for the final products as

well as the activity ratios of 226Ra/238U and 210Pb/226Ra.
These results agree with those found in the literature [81]. The ac-

tivity concentrations of natural radionuclides (Table 5) were compared
with those calculated from the activity concentrations measured for the
raw materials (CEM and FA) (Table 4) considering their ratios. The
two-tailed paired samples Student’s t-test was used in order to study if
the activity concentrations were significantly different from each other
[82]. The results showed that the 238U, 226Ra and 228Th were statistically
compatible, obtaining values of p > 0.05. For the 210Pb a p-value of
0.012 was obtained, implying significant differences, however the
reason for this difference is due to the high uncertainty in the determi-
nation of 210Pb. Also, as the percentage of FA increases, the results for
activity concentration increase, as would be expected from increasing
the amount of a NORM material in the final paste.

The 226Ra/238U ratio in Table 5 would indicate that there could be
losses of 222Rn through the vertices of the cubic prism. This behaviour
was not observed in the case of the 210Pb/226Ra ratio in which, although
the FA showed an imbalance, most of the values were close to 1 since its
percentage is low in the cubes, minimising this effect and being, in many
cases, included in the uncertainty. Finally, for the 228Th/228Ra equilib-
rium factor, the results were compatible with 1.

Fig. 9 shows the indices for gamma radiation IC and ID for the final
pastes.

The secular equilibrium between 228Ra and 232Th was assumed due
to the fact that in the thermal process both the radio and the thorium are
very refractory and the secular equilibrium present in the raw materials
is not broken [83–88]. The gamma radiation index IC and ID, for all the
final materials, are less than 1, which is the reference value established.
This means that these materials are suitable for their use in construction,
in terms of their gamma activity, and as a coating or insulation against
radon. Also, as expected, both indices increase with increasing FA
(Fig. 9), as the activity concentrations of 226Ra, 232Th and 40K increase
with the percentage of FA (Table 5).

3.3. Exhalation rate, emanation factor, radon potential measurement and
radon diffusion coefficient measurement

The results for the emanation factor and the radon potential of the
raw materials, CEM and FA, are shown in Table 6.

The values obtained are comparable with those found in the litera-
ture [89,90], both for the CEM and the FA. The emanation factor for the
FA is lower than for the CEM. However, the radon potential is higher for
the FA than for the CEM for the higher activity concentration of the FA,
meaning that the potential radiological risk of the material is higher, as
the radon potential represents the radon activity generated inside the
material that has the potential to be transported though the material to
the surrounding atmosphere.

For the 14 pastes, the radon exhalation rate, E, was measured and is
shown in Table 7.

The values found in the literature for the exhalation of radon from
cement pastes with fly ash vary, but our results are in the value range of
those found [91–93]. They are also lower than the typical soil average of
57.6 Bq m-2 h-1 [94,95], as our final pastes are hardened materials that
develop a microstructure that make the materials denser.

When the radon exhaled by the samples was calculated, in some
cases it was difficult to reduce the uncertainty of the measurements in
order to obtain a good fit of the data, as can be seen in Fig. 10 for sample
70–30–06SP-28 which has the highest relative uncertainty for the radon
exhalation rates results. Even when using a measurement cycle of
4 hours concentrations with hight uncertainty values were measured,
giving exhalation values with a high uncertainty and not very clear
trends in the results with composition or with curing days.

The results are also represented in Fig. 11 versus some pastes prop-
erties. In Fig. 11a the E is plotted on the percentage of fly ash only for the
samples without plasticiser additive. For the samples with a 70% of

Fig. 9. Activity concentration index a) IC and b) ID for the final pastes as a function of their fly ash content and/or superplasticizer content.

Table 6
Radon emanation factor and radon potential of CEM and FA.

Emanation factor (%) Radon potential (Bq kg-1)

CEM 12 ± 3 3.5 ± 1.0
FA 3.5 ± 0.6 5.4 ± 1.0
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cement, 30% of fly ash and different additions of superplasticiser the
results are shown in Fig. 11b as a function of the percentage of
admixture.

For the 2-days samples, there is a slight increase with the percentage
of flying ash (Fig. 11a). This increase is higher for the samples with 28
days of curing, although the tendency is not always the same as we in-
crease the fly ash percentage, with a decrease in the result going from a
20% to a 30%. In the case of the samples with 70% of cement and 30%
fly ash, there is a slight decrease for the 28-days cured samples and no
tendency for the samples with 2 days of curing (Fig. 11b).

The radon diffusion coefficient, D, of the 14 samples was calculated
and the results are presented in Table 8 together with the sample code.

The range of values for Portland cement pastes with different ad-
mixtures found in the literature goes from 5.8•10-10 m2 s-1 to 420•10-10

m2 s-1 [96–98], being some on our results lower than these values. At
least two measurements for sample were made in order to calculate a
mean value and an uncertainty with the standard deviation of the mean,
and the results obtain were always similar values with the same order of
magnitude, showing the consistency of the methodology.

The results are also shown in Fig. 12, represented in a way that only
one variable is being changed at a time. In Fig. 12a the D of samples
without plasticiser additive is represented as a function of the percent-
age of flying ash. The D of the samples with a 70% of cement, 30% of
flying ash and different additions of plasticiser is shown in Fig. 12b as a
function of the percentage of additive. In both cases, the results are
separated by their curing time in two different lines.

Looking at Fig. 12, it is clear that for the samples with the same
composition, i.e. the same percentage of cement, fly ash and additive,
there is a dependence of Dwith the curing time, being the materials with
a longer curing time systematically less permeable. This change in the
permeability reaches in some cases higher than a factor of 10, from
2.9•10-10 m2 s-1 in sample 60–40–28 to 6.65•10-9 m2 s-1 in sample
60–40–2, which can be an important factor to consider when the ma-
terial is used as a radon barrier. Without the plasticiser additive
(Fig. 12a), the order of magnitude is of 10-10 m2 s-1 for the 28-day curing
time samples and of 10-9 m2 s-1 for the 2-day curing time samples. For
the samples with a curing time of 28 days, there is a slight increase in D
with increasing fly ash content. For the samples with a curing time of 2
days, there is no clear dependence.

All these results are consistent with those obtained for the density,
porosity and water absorption of the samples (Fig. 6). The samples with
a 28-day curing time have a lower porosity, which results in less avail-
able path for radon and a lower D value. There is also an increase in
density between the samples with a 28-day curing time and the 2-day
curing time, which has also been found to have an inverse relationship
with D [98,99]. The higher the densification of the microstructure, the
lower the pore volume and therefore the lower the diffusion D.

When a superplasticiser admixture is added for the same percentage
of cement and fly ash, 70% and 30% respectively, (Fig. 12b), the lower
curing time samples still have a higher D. There is also a more pro-
nounced change in D with the percentage of plasticiser additive than
with fly ash, even in order of magnitude, decreasing as the percentage of
admixture increases.

This is due to the lower w/c ratio used in the admixture samples
which leads to much higher densification and a very sharp decrease in

Table 7
Radon exhalation rate for the final pastes.

Code E (Bq m-2 h-1)

100–0–2 0.83 ± 0.13
100–0–28 0.41 ± 0.10
90–10–2 1.01 ± 0.13
90–10–28 0.92 ± 0.21
80–20–2 1.35 ± 0.18
80–20–28 2.9 ± 0.5
70–30–2 1.3 ± 0.3
70–30–28 1.5 ± 0.3
60–40–2 1.5 ± 0.6
60–40–28 2.5 ± 0.7
70–30–04SP− 2 2.1 ± 0.7
70–30–04SP− 28 0.84 ± 0.14
70–30–06SP− 2 1.05 ± 0.23
70–30–06SP− 28 0.8 ± 0.5

Fig. 10. Radon concentration measurements for the 70–30–06SP-28 sample used to calculate the radon exhalation rate.
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the porosity of the samples more pronounced for the 28-day curing time
samples, and an increase in the density. These changes in the micro-
structure of the pastes could be the cause of the decrease in D. (Table 3
and Fig. 6). In other words, the use of a small percentage of super-
plasticiser can make the final material less permeable to radon by up to
an order of magnitude, making it an interesting topic to consider when
reducing the diffusion of radon gas from the soil at building foundations.

Also, looking at Fig. 12b, the reduction of the radon diffusion coef-
ficient with the higher curing days is lesser for the samples with
superplasticiser admixture. This could be caused by the lower w/c ratios
for those samples, and the reduction in porosity even for early ages (2
days curing time). The decrease in porosity observed in other pastes
between 2 and 28 days is therefore not so evident in pastes with
superplasticiser. Therefore, the difference between the radon diffusion

coefficient values between 2 and 28 days in pastes with superplasticiser
is also smaller.

The lowest D measured was for the sample 70–30–06SP-28, which
was (4.3 ± 0.4) •10-11 m2 s-1, having the advantage of reducing D for his
higher curing time and the presence of the admixtures. To better illus-
trate these findings in Fig. 13 the density and D of the samples are
plotted together.

For both cases, the 2 day (Fig. 13a) and 28 day (Fig. 13b) curing time
samples, it is clear that there is an inverse relationship between the two
variables. From these results it can be concluded that building materials
containing NORM materials in their composition, can be used as radon
insulating materials and decrease their permeability to radon, if the
appropriate microstructure is developed

4. Conclusions

The radon diffusion coefficient, D, and the radon exhalation rate, E,
of 7 types of Portland Cement pastes, with different percentages of fly
ash and superplasticiser admixtures, were measured, together with a
study of their mechanical properties and a radioactive characterisation.
This was done in order to gain a better understanding of which char-
acteristics influence the final radon properties of the materials, and to
investigate the possibility of using a cement paste as an insulation ma-
terial against radon in buildings.

The main results were that the D of the pastes with a higher number
of curing days and a higher percentage of superplasticiser admixture
were found to be lower, i.e., the pastes were less permeable to radon.
This was due to the correlation between the mechanical properties of the
pastes and the diffusion, as a higher densification of the paste results in a
lower porosity and ultimately a lower D, as there is less path available
for the radon gas to diffuse. This is due to the progress of hydration by

Fig. 11. Radon exhalation rate, E, a) varying the percentage of fly ash and b) varying the percentage of superplasticizer admixture, fixing the percentage of cement
and fly ash at 70% and 30%, respectively, for this latter case. The curing time was fixed at 2 days and 28 days.

Table 8
Radon diffusion coefficient for the final pastes.

Code D (m2 s-1) ⋅10-10

100–0–2 49.8 ± 0.3
100–0–28 1.2 ± 0.3
90–10–2 17.7 ± 0.3
90–10–28 1.2 ± 0.4
80–20–2 28.4 ± 0.6
80–20–28 1.38 ± 0.08
70–30–2 18.47 ± 0.15
70–30–28 2.8 ± 0.3
60–40–2 66.5 ± 1.8
60–40–28 2.9 ± 0.3
70–30–04SP− 2 3.86 ± 0.11
70–30–04SP− 28 1.09 ± 0.09
70–30–06SP− 2 1.15 ± 0.20
70–30–06SP− 28 0.43 ± 0.04
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chemical reaction with higher curing days and the improvement of hy-
dration by the deflocculation caused by the SP admixture.

In conclusion, the development of a low porosity samples due to a
higher number of curing days and the addition of superplasticiser

admixture can produce a paste which, although containing a NORM
material, has a very low radon permeability and is a good insulating
material.

Fig. 12. Radon diffusion coefficient, D, a) varying the percentage of fly ash and b) varying the percentage of superplasticiser admixture, fixing the percentage of
cement and fly ash at 70% and 30%, respectively, for this latter case. The curing time was fixed at 2 days and 28 days. The scale for the y-axis is logarithmic.

Fig. 13. Density and Radon diffusion coefficient, D, in different pastes at a) 2 days curing time and b) 28 day curing time.

E. Castaño-Casco et al. Construction and Building Materials 458 (2025) 139556 

12 



CRediT authorship contribution statement

E. Castaño-Casco: Methodology, Formal analysis, Investigation,
Data curation, Writing – original draft, Writing – Review & Editing. A.
Caño: Methodology, Formal analysis, Investigation, Data curation,
Writing – original draft, Writing – Review & Editing. J.A. Suárez-
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