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A B S T R A C T

Concrete used in nuclear applications aces signicant durability challenges due to degradation rom radiation,
thermal stresses, and chemical reactions. These issues highlight the critical need or impermeable concrete
shields to prevent radioactive leaks and protect against harmul radiation. This study examines how concrete
composition aects gas permeability and gamma radiation shielding properties. Three coarse aggrega-
tes—amphibolite (reerence), magnetite, and serpentine—and two cement types (ordinary and slag) were tested,
with concrete densities ranging rom 2309 to 3538 kg/m3. Gas permeability was measured using a Cembureau-
type constant head permeameter, and gamma shielding was assessed through the linear attenuation coecient
(µ) and hal-value layer (HVL) at 137Cs decay energies. The results revealed signicant variations in gas
permeability and gamma ray shielding based on aggregate and cement type, with observable relationships be-
tween gas permeability, HVL, and concrete density. The results obtained rom the presented research will
contribute to increasing the saety, durability and cost-eectiveness o concrete constructions and maintenance
o nuclear acilities.

1. Introduction

With the ongoing need to produce energy and the increasing diver-
sication o its sources while reducing CO2 emissions, nuclear technol-
ogy is becoming increasingly important compared to the depleting
traditional analysis o energy sources. However, the potential environ-
mental impact and possible crises related to nuclear power are subjects
o signicant interest and discussion (Y-Ch et al., 2004). Nuclear acci-
dents resulting in radiation leaks have attracted considerable attention
rom researchers worldwide, as the emissions o gamma rays and neu-
trons represent the most hazardous types o nuclear and radiation leaks.
Additionally, the production o radioactive waste is a major concern due
to its high radioactivity, necessitating long-term reliable acilities to

protect people in vicinity o the nuclear reactor (Ali et al., 2023).
Thereore, in the construction o buildings with high radiation

shielding demands — such as hospitals, research centers, radioactive
waste repositories, and nuclear power plants (NPPs) —the properties o
the materials used are critically important. Concrete is chosen or these
structures not only because o its mechanical strength and long-term
durability (Ouda, 2015; Soni et al., 2018; Akkurt et al., 2006) but also
due to its eectiveness in attenuating or absorbing radiation (K. William
et al., 2013; Jóźwiak-Niedźwiedzka and Lessing, 2019). The cost o
shields made rom various types o concrete is lower than that o high-
density materials such as steel, lead, or depleted uranium, which are
used primarily or the direct reactor shielding, (Brandt, 2013).

Gamma rays are attenuated by interactions with electrons, so
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concrete used or gamma ray shielding should be designed to maximize
its density. The most practical and economically viable shielding against
gamma rays can be achieved by using materials with heavy atoms,
which are denser than commonly used aggregates (Jóźwiak-
Niedźwiedzka and Lessing, 2019). Heavy concrete which is character-
ized by density above 2600 kg/m3 is the most commonly used material
worldwide or that purpose due to its excellent radiation shielding
properties (Jóźwiak-Niedźwiedzka and Lessing, 2019). Mineral ores
such as magnetite (Horszczaruk et al., 2015; Horszczaruk and Brzo-
zowski, 2019), barite (Zhou et al., 2023; Zou et al., 2024), limonite (Oto
et al., 2015) or siderite (Esen and Doğan, 2017) in the orm o aggregates
are more popular or producing heavyweight concrete, (Kanagaraj et al.,
2023; Aminsharei et al., 2024; Khala et al., 2020; Azeez et al., 2019;
Akkurt et al., 2012; Shams et al., 2018).

While neutron shielding concrete is designed to manage ast and
intermediate neutrons, which need to be slowed down, and thermal
neutrons, which must be absorbed or captured. Thereore, it is essential
to include materials with atoms capable o both thermalizing and
capturing neutrons. The hydrogen atoms in water, chemically bound in
concrete, slows down ast neutrons, which could be captured by other
atoms, e.g., o boron, known or its large neutron capture cross-section,
(Jóźwiak-Niedźwiedzka and Lessing, 2019). Aggregates used in neutron
shielding concrete include materials with bound water rom hydrated
iron ores like serpentine (Zhou et al., 2023; Dąbrowski et al., 2022;
Khmurovska et al., 2019), or bauxite (Madej et al., 2024), and aggre-
gates containing boron rom natural borate ores like colemanite or
ulexite, (Kharita et al., 2011; Lotti et al., 2019; Yadollahi et al., 2016).

Various concrete mixtures have been designed to address specic
shielding requirements across a range o nuclear environments. Ultra-
high-perormance concretes were developed to mitigate electromag-
netic intererence (Jung et al., 2020), borated paran-inused concrete
is utilized in boron neutron capture therapy acilities (Pazirandeh et al.,
2011), and heavy concrete is tailored or shielding purposes in hospitals
oering carbon therapy (Wang, 2023), as well as in radioactive waste
storage acilities (Kanagaraj et al., 2023; Elshazli et al., 2023) and has
been used in nuclear research centres (Jóźwiak-Niedźwiedzka et al.,
2018). While neutron shielding concrete nds application in nuclear
power plants (Saklani et al., 2021; Field et al., 2015). However, in NPPs
concrete shielding structures vary depending on the reactor cooling
methods (Meiswinkel et al., 2013; Bruck et al., 2019). In a pressurized
water reactor (PWR), the shielding structure surrounds the reactor and
steam generator, including the primary circuit cooling systems, all under
one roo, resulting in a large reactor building. In a boiling water reactor
(BWR), low-reactivity steam rom the primary circuit is directed to the
turbine, necessitating a shielding structure within the turbine building
to prevent nuclear radiation. In several plant designs, the shielding
concrete, also known as the biological shield wall, acts as a load-bearing
structure that supports the reactor pressure vessel and other concrete
elements above, such as the reactor cavity structure and the operation
foor (Bruck et al., 2019). Regardless o the reactor type, the material
used in shielding structures at NPPs is designed integrally with other
saety systems to prevent the release o radiation or radioactive sub-
stances into the environment.

The most critical inrastructure elements concerning NPP saety
include are reactor building shielding structures and channels or uel
transportation and radioactive waste storage. To reduce the radiation
dose around the reactor building, impermeable concrete shields are
constructed also to serve as barriers against harmul radiation. There-
ore, the impermeability o concrete shielding structures and their
connections with various installations, such as pipe passages or coolant
handling potentially contaminated liquids and gases, is a undamental
unctional requirement, alongside the necessary shielding against nu-
clear radiation. This is conrmed by gas permeability test results con-
ducted on second-generation reactors operating in France. Ater
mandatory leak tests, it was ound that several reactor containment
structures are currently close to the allowable leak limit (Agostini et al.,

2015). It was revealed that gas tightness is crucial or reactor saety (Pei
et al., 2019). For this reason, various solutions are being sought to
improve the tightness o concrete structures.

In nuclear installations, shielding concrete must meet unique re-
quirements associated with radiation (Y-Ch et al., 2004; Kanagaraj et al.,
2023), the presence o aggressive chemical substances (Meiswinkel
et al., 2013), thermal cycles (Horszczaruk et al., 2015; American Society
o Mechanical Engineers, 2007), and mechanical loads (Basu et al.,
2013) to provide structural integrity and minimize the risk associated
with radiation exposure (Ageing management o concrete structures in
nuclear power plants, IAEA Nuclear Energy Series No. NP-T-3.5, Inter-
national Atomic Energy Agency, Vienna, 2016; Pomaro, 2016). Radia-
tion induces changes in the concrete’s microstructure, leading to
reduced strength and durability. It is known that compressive strength o
concrete decreases with increasing neutron fuence (Pazirandeh et al.,
2011; Maruyama et al., 2013) and gamma dose (Sommers, 1969; Soo
and Milian, 2001), but the infuence o radiation on the potential threat
o alkali-silica reaction (ASR) is a new concern, (Jóźwiak-Niedźwiedzka
et al., 2018; Maruyama et al., 2017; Tcherner and Aziz, 2009). Another
emerging issue is the approach to mechanical loads, such as tsunamis
and or earthquakes. Ater the Fukushima-Daichi accident, it was
recognized that extreme natural phenomena should also be considered.
Following that catastrophe, the durability o the installation was
assessed in the context o Beyond Design Basis Earthquakes (BDBE)
(Basu et al., 2013). Increasing levels o seismic activity must also be
taken into account. Thus, thermal stresses resulting rom thermal
cycling can cause thermal cracking and urther weaken the structural
integrity o concrete. Chemical reactions, such as ASR, can lead to
expansive reactions in concrete, resulting in cracking and deteriorations.
In addition, mechanical loads caused by unexpected accidents can also
worsen the structural integrity o concrete. All these actors signicantly
aect the permeability o concrete.

Concrete as a typical porous material, has its durability highly
dependent on actors such as permeability. It is a critical actor in the
longevity and integrity o concrete structures. High permeability can
allow the ingress o gases, liquids and harmul chemicals under a pres-
sure gradient, which may degrade concrete matrix and embedded
reinorcement.

The vast majority o results regarding gas permeability pertain to
ordinary concrete and ocus on determining the relationship between
pore structure characteristics and the gas permeability o concrete (Chen
et al., 2023; Zhang et al., 2018; Das and Kondraivendhan, 2012). The
investigation into gas permeability concerning the durability o shield-
ing concrete in nuclear installations is justied, given the specic re-
quirements and challenges associated with this eld (IAEA, 2016). Prior
studies have provided valuable insights into the impact o shielding
concrete composition on gas permeability or radiation shielding capa-
bilities. However, they did not address both issues simultaneously.

In a recent review article on advancements in Portland cement-based
radiation shielding concrete (Kanagaraj et al., 2023), the concept o
permeability was mentioned only once, specically in reerence to water
permeability. Kubissa et al. (Kubissa and Glinicki, 2017) investigated
the Autoclam air permeability index (API) o shielding concrete con-
taining CEM I and CEM III cement, as well as heavyweight and
hydrogen-bearing aggregates. They revealed that the API index or
concrete with addition o barite aggregate was more than 55 % higher
than or concrete made with magnetite or serpentinite. The lowest air
permeability was achieved by concrete with magnetite aggregate, which
was even lower than the reerence concrete with amphibolite aggregate.
In another study, Kubissa et al. (Kubissa et al., 2018) explored the air
permeability o shielding concretes taken rom massive blocks and
identied a signicant dierence in API attributed to changes in cement
composition. An increase omore than 100 % was observed or ordinary
Portland cement (CEM I) compared to blended cement (CEM II). This
dierence has been linked to a potential connection with microcracks
induced by large thermal gradients, especially when the maximum
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temperature or drying the specimens was set at 105 ◦C. However, the
results reported by Kubissa et al. (Kubissa and Glinicki, 2017; Kubissa
et al., 2018) pertained to a dierent permeability testing method and did
not include results related to shielding properties.

Although the IAEA (IAEA, 2016) recommendations or nuclear
containments suggest three methods or determining the air perme-
ability o concrete, namely the Torrent method (R. Torrent et al., 1995),
the Autoclam method (Basheer et al., 1995), and the surace airfow
method (Whiting and Cady, 1992), these methods primarily ocus on
testing surace gas permeability. While attempts have been made to dry
the surace o concrete samples using various methods (Basheer et al.,
2000), they have not produced satisactory results. Due to the presence
o surace moisture gradients (Basheer and Nolan, 2001), the aore-
mentioned methods employ correction actors and graphs to approxi-
mate the surace moisture content o concrete, but establishing a
consistent relationship is challenging. Thereore, in the research pre-
sented in this paper, the Cembureau method was selected, where the
lack o moisture content correction is viewed as a positive aspect.
Additionally, unlike other methods or determining concrete gas
permeability (Beushausen et al., 2019), the Cembureau method oers
the advantage o testing the entire concrete sample rather than just the
surace layer. The perormance criteria are correlated with exposure
classes. It is a standardized method (XP P 18-463, 2011) and is used in
service lie models. Certainly, the Cembureau method is limited to lab-
oratory environments and require specic conditions that are not suit-
able or real structures. However, the results obtained using the
Cembureau technique, under pressure, can serve as a reerence, as the
gas permeability results obtained with various vacuum methods (like
the Torrent Permeameter Tester) show good agreement, regardless o
the technique used and even i the tests dier in the type o regime, the
duration o the test or the pressure (Sogbossi et al., 2019; Cagnon et al.,
2024). While the Cembureau method is standardized (XP P 18-463,
2011) and widely used in construction, it lacks specic adaptations or
standard procedures tailored to the unique demands o nuclear appli-
cations. This is why we conducted tests on shielding concrete to ensure
accurate result interpretation across dierent nuclear projects. In addi-
tion, the Cembureau cell used in this study is associated with a system o
thermal mass digital fowmeters (Fabien et al., 2021) which makes it
possible to control the nature o the steady-state gas fow directly during
the test, thus avoiding any measurements arteacts.

Several studies have been carried out to improve the shielding
properties o concrete against ionizing radiation (Y-Ch et al., 2004;
Jóźwiak-Niedźwiedzka and Lessing, 2019; Aminsharei et al., 2024;
Pazirandeh et al., 2011; Wang, 2023). Previous research has provided
valuable insights into the interplay between concrete composition
(Horszczaruk and Brzozowski, 2019; Masoud et al., 2023; Lardhi and
Mukhtar, 2023), its durability (Horszczaruk and Brzozowski, 2019;
Dąbrowski et al., 2022), and gamma radiation shielding capabilities
(Zhou et al., 2023; Khala et al., 2020; Azeez et al., 2019; Amin et al.,
2023). It has been shown that the radiation shielding properties o
concrete are paramount in structures where protection against gamma
radiation is imperative.

This article delves into the key considerations and ndings related to
the air permeability and shielding properties o concrete in structures
with high radiation shielding requirements. In high radiation shielding
applications, it’s important to minimize gas permeability in order to
maintain the integrity and eectiveness o the gamma ray shielding.
Concrete with low gas permeability helps to prevent the ingress o air,
moisture, or other contaminants that could compromise the shielding
properties over time. Hence, research was conducted on shielding con-
crete containing special aggregates, such as magnetite and serpentinite,
concerning its permeability and gamma ray shielding capacities.
Microstructure investigations were carried out, and correlations be-
tween the analysed properties o shielding concrete were determined.
The obtained results contributed to the development o improved stan-
dards and guidelines or concrete used in nuclear applications,

supporting ongoing eorts to enhance saety and environmental pro-
tection in the nuclear industry.

2. Experimental programe

2.1. Materials

Two types o cement were used in the research, ordinary Portland
cement CEM I 42,5 R and blended cement containing ground granulated
blast urnace slag CEM III/A 42,5N-HSR/NA, reerred in the article as
CEM I and CEM III. Siliceous sand (ρ = 2.65 kg/m3) was used as the ne
aggregate. Three dierent coarse aggregates were used: reerence
amphibolite aggregates, and special aggregates used in shielding con-
crete: magnetite and serpentinite aggregates. Serpentinite aggregate is
characterized by an increased water content o 12.1 %. The mineral
composition determined by the XRD method (Fig. 1), indicated that the
magnetite aggregate contained, as expected, magnetite itsel and mag-
nesioerrite. Primarily antigorite and, to a lesser extent, lizardite were
the dominant serpentine polymorphs. Both antigorite and lizardite are
common serpentine minerals, and their presence in serpentinite is
typical. Amphibolite was primarily composed o amphibole minerals
and plagioclase with minor amounts o quartz and biotite were also
ound. The chemical admixture consisted o a high-range water reducer
(HRWR) based on modied polycarboxylates. Detailed chemical
composition o the cements and aggregates and their loss on ignition are
presented in Table 1. Physical properties are shown in Tables 2 and 3.

2.2. Mix proportion and preparation of specimens

The absolute volumemethod described in ACI standard practice (Aci,
2002) was utilized to optimize the arrangement o selected special ag-
gregates. This method was tailored to meet local conditions, with the
volume-based packing o aggregate grains was specied by (PN-B-
06265:, 2018). To ensure conormity with standard curves (PN-B-
06265:, 2018) and achieve an optimal aggregate gradation, siliceous
river sand comprised 20 % o the volume raction in concrete incorpo-
rating magnetite and serpentinite aggregates. In contrast, or reerence
concrete made with amphibolite, 30 % o the volume was dedicated to
siliceous sand to obtain a similar aggregate gradation. The gradation o
aggregate mixtures is shown in Fig. 2.

Eight concrete mixtures were designed as illustrated in Table 4: our
incorporating CEM I and our utilizing CEM III. Amphibolite aggregates
o 2–8 mm and 8–16 mm ractions, accompanied by river sand o 0–2
mm, were used in the reerence concretes (CEM I – A1 and CEM III – A3).
Concretes were abricated incorporating solely magnetite (M1 and M3)
and serpentinite aggregates (S1 and S3), as well as those containing a
combination o the aorementioned aggregates (MS1 and MS3). The
labels 1 and 3 correspond to cement types CEM I and CEM III, respec-
tively. Magnetite aggregates o 0–5 mm and 0–16 mm ractions, along
with serpentinite aggregates o 0–2, 2–8, and 8–16 mm ractions, were
used. The concrete containing both special aggregates included
magnetite in the 0–5 mm raction and serpentinite in the 2–8 and 8–16
mm ractions. The amount o sand in the concretes containing special
aggregates was correspondingly lower compared to the reerence con-
crete due to the presence o ne ractions o magnetite (0–5 mm) and
serpentinite (0–2 mm) with w/c = 0.48. The admixture was added to
ensure a similar consistency o the mixtures.

During the mixing process, initially coarse and ne aggregates were
mixed or 3 min in the mixer. Subsequently, cement was introduced into
the mixture along with water and HRWR, and the mixing process was
continued or 5 min.

Two cylindrical specimens (100x200 mm) and three cubic specimens
(150 mm) were prepared rom a one batch or each mixture. These
specimens were cast in PVC moulds and compacted using a mechanical
vibrator. Subsequently, the specimens were subjected to moist curing at
20 ± 1 ◦C and 90 ± 5 % relative humidity or 28 days.
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Following the 28-day curing period, the density o the cubic speci-
mens was determined based on their measured dimensions and weight.
Compressive strength tests were carried out on three cubic specimens or
each material composition at the end o the 28-day period. For gas

permeability testing, one cylindrical specimen was used, also at 28 days.
To measure gas permeability, a concrete cylindrical specimen was cut
with a diamond saw, obtaining three specimens o 50 mm thick discs.
These discs were then dried at 80 ◦C until a constant mass was achieved
(appr. two weeks). Another cylindrical specimen was designated or
microstructural analysis and to determine the gamma-ray attenuation
parameters ater 28 days. This specimen was sliced using a diamond saw
to obtain cross-sections with a thickness o about 9 mm.

2.3. Methods

Ater 28 days o curing, the density o cubic specimens with a volume
o 150 mm3 was determined based on their measured dimensions and
weight, according to PN-EN 12390–7 (PN-EN 12390, 2020). The
compressive strength o concrete was determined on the three speci-
mens 150 mm3 ater 28 days o curing in accordance with the PN-EN
12390–3:2019 (PN-EN 12390–3, 2020) using 2000 kN Controls®
testing machine, applying a constant loading rate o 500 N/s.

Gas permeability tests were conducted on cylindrical specimens with
a diameter o 100 mm and a height o 50 mm. Beore testing, ater 28
days o curing in water, the specimens were dried at a temp. o 80 ◦C to a
constant mass. Temperature was chosen or two reasons. First, such
gentle conditioning ensures the even distribution o moisture in the
concrete without deterioration o the cement matrix. Higher tempera-
tures may cause microcracks, signicantly aecting the results
(Choinska et al., 2007) and 80 ◦C is the critical temperature at which
shielding concrete can unction (American Society o Mechanical Engi-
neers, 2007; IAEA, 2016). The specimens were then cooled during 48 h

Fig. 1. XRD patterns with main characteristic peaks in the tested special aggregates: (a) magnetite, (b) serpentinite.

Table 1
Chemical composition o cements and coarse aggregates measured by XRF
method (% wt) and loss on ignition (LOI).
Constituent Cement Coarse aggregate

CEM I CEM III Amphibolite Magnetite Serpentinite

SiO2 19.69 30.30 45.48 2.19 38.51
Al2O3 4.82 6.25 11.40 0.51 0.73
Fe2O3 3.28 1.54 12.07 91.72 7.99
CaO 61.19 51.84 11.20 0.72 0.54
MgO 2.94 4.55 10.49 0.84 38.97
SO3 3.19 3.07 0.01 0.00 0.06
Na2O 0.22 0.44 2.08 0.19 0.11
K2O 0.95 0.63 0.83 0.10 0.00
TiO2 0.25 0.28 2.02 0.34 0.00
Mn2O3 0.09 0.12 0.27 0.11 0.12
SrO 0.06 0.07 0.01 0.00 0.00
ZnO 0.01 0.02 0.01 0.00 0.01
P2O5 0.13 0.16 0.00 0.85 0.00
LOI 3.10 0.74 2.58 2.42 12.96

Table 2
Density and physical properties o cements used in the research (data rom the
cement producer).
Properties CEM I CEM III

Density, kg/m3 3.11 3.01
Initial setting time, min 223 256
Final setting time, min 302 327
c2, MPa 29.40 16.70
c28, MPa 54.70 54.40
Le Chatelier soundness, mm 0.33 0.44
Specic surace area (Blaine), cm2/g 3973 4757

Table 3
Density, physical and mechanical properties o aggregates.
Properties Amphibolite Magnetite Serpentinite

Density, kg/m3 2.90 4.80 2.60
Water absorption1, % 0.7 0.2 1.1
Freeze-thaw resistance2, % 0.5 0.2 2.3
Aggregate crushing value3, %  11.2 5.6
1 PN-EN 1097–6:2013 (PN-EN, 2013);
2 PN-EN 1367–1:2007 (PN-EN, 2007);
3 PN-B-06714–40: 1978 (PN-B-06714-40:, 1978).

Fig. 2. Gradation curve o aggregates by volume (dashed red lines indicate
limits o optimal particle packing according to (PN-B-06265:, 2018). (For
interpretation o the reerences to colour in this gure legend, the reader is
reerred to the web version o this article.)
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in a desiccator at 20 ± 1◦C beore measurement was started. The
intrinsic gas permeability results were obtained using Klinkenberg
regression (Klinkenberg, 1941) on the apparent permeability, measured
using our dierent inlet pressures. The gas permeability results, cor-
responding to the intrinsic values, are averages o three specimens.

Initial and second rates o water absorption were tested according to
ASTM C1585 (ASTM C1585-20, 2020). Similar to the gas permeability
tests, three cylindrical specimens (100 mm in diameter and 50 mm in
height) or each type o concrete were dried at a temp. o 80 ◦C to a
constant mass beore testing. This procedure was consistent with the
ndings o Castro et al. (Castro et al., 2011), who stated that it is not
recommended to condition specimens at 105 ◦C because it may
adversely aect the microstructure o the specimens. The specimens
were subsequently wrapped with plastic waterproo sheets, thoroughly
sealed on their sides and bottom, with only the top surace remaining
uncovered. The uncovered surace o the specimen was positioned ace
down on a support structure (plastic rods) within a container lled with
water, maintaining a level 3 ± 1 mm above the top o the device. The
mass o the specimens was recorded at regular intervals  more
requently during the rst 6 h, and less requently thereater  over a
period o 8 days. The initial rate o water absorption, known as initial
sorptivity (S1) was calculated based on mass gained during the rst 6 h,
while secondary sorptivity (S2) was determined rom the mass gained
between 24 h to 8 days o exposure.

The concrete microstructure evaluation was perormed on polished
specimens using a scanning electron microscope with micro-areas
analysis (SEM-EDS). Specimen preparation involved cutting them to
dimensions o 25x40x10 mm, ollowed by a 3-day drying period at
temperature 50 ◦C and impregnation with epoxy resin. Next, the

specimens were ground on diamond discs with grit sizes o 125, 75, 54,
18, and 9 µm, and polishing with diamond pastes with grit sizes o 6, 3,
1, and 0.25 µm. Then, the specimens were dried again or 3 days at temp.
50 ◦C beore applying a carbon coating approx. 20 nm thickness to
enhance imaging. Microstructural examination was conducted using a
JEOL JSM-6460LV scanning electron microscope (SEM), complemented
by an energy-dispersive X-ray spectroscopy (EDS) detector (PV72-55050
EDAX, AMETEK, USA, running Genesis Spectrum 6.2 sotware by EDAX
Inc.). This allowed or both qualitative (element identication) and
quantitative (elemental concentration) analyses o the specimens’ con-
stituents. The SEM-EDS operated with an acceleration voltage o 20 kV,
an aperture o 110 µm, and a working distance o 8–9 mm.

To evaluate the gamma-ray shielding parameters and attenuation
actor or various concretes, a test stand was prepared in accordance
with the EN 61331–1 standard (EN 61331-1, 2014) (reer to Fig. 3).
Tests were conducted in a certied calibration laboratory (accreditation
No. AP 070 issued by the Polish Centre or Accreditation). Drawing rom
prior studies on radiation shielding o concrete specimens (Domanski
et al., 2016), measurements were executed using a Tema Sinergie IM6M
automatic irradiator equipped with a 137Cs gamma-ray reerence source
and a F1 type tissue equivalent parallel plate recombination ionization
chamber developed and constructed by National Centre or Nuclear
Research (Golnik et al., 2014). The chamber has 3.8 cm3 active volume,
34 mm electrodes diameter and is lled with ethane up to 0.5 MPa. The
distance between electrodes is equal to 1.75 mm. For the applications
presented in the publication, the detector operated at a saturation
voltage o 1000 V.

The active centre o the detector was positioned at a distance o 85
cm rom the source, where the air kerma rate was measured to beK̇air =

Table 4
Concrete constituents in kg/m3.

Mix ingredients CEM I CEM III

A1 M1 S1 MS1 A3 M3 S3 MS3

CEM I 350 350 350 342 0 0 0 0
CEM III 0 0 0 0 350 350 350 342
Sand 0–2 mm 593 371 371 362 593 371 371 362
Amphibolite 2–8 mm 628 0 0 0 628 0 0 0
Amphibolite 8–16 mm 750 0 0 0 750 0 0 0
Magnetite 0–5 mm 0 839 0 879 0 839 0 879
Magnetite 0–16 mm 0 1846 0 0 0 1846 0 0
Serpentinite 0–2 mm 0 0 273 0 0 0 273 0
Serpentinite 2–8 mm 0 0 909 477 0 0 909 477
Serpentinite 8–16 mm 0 0 273 477 0 0 273 477
Water 168 168 168 164 168 168 168 164
HRWR, % m.c. 0.43 0.64 3.00 1.97 0.36 0.57 1.71 1.24

Fig. 3. View o the test stand, a – F1 type recombination chamber, b, c – lead collimators, d – Tema Sinergie IM6M automatic irradiator, e – specimen,  – 137Cs
radiation beam direction.
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28.0 ± 1.4 mGy/h. During the measurements each concrete specimen
was positioned between two lead collimators so that the gamma radia-
tion beam and the detector were arranged in specimen axis. The tests
were carried on or 4 cover layer thicknesses rom 9 mm to 41 mm,
adding subsequent specimen slices and separately one test or 50 mm
thick specimen rom another batch. For each specimen thickness, 40
measurements o the ionization current were perormed using a new
algorithm based on ast measurements in a charge mode (Kuć, 2023; Kuć
et al., 2024).

The results o dosimetric measurements were used to calculate the
attenuation actor (k) values or all concrete samples, rom which the
linear attenuation coecient (µ) and Hal-Value Layer (HVL) were
determined. The attenuation actor (k) is dened as the ratio o the
ionization current measured by an ionization chamber without a shield
(i0) to the ionization current measured behind a shield o thickness
d (is(d)):

k(d) = i0
is(d)

(1)

and µ is the parameter o the k(d) exponential curve:

k(d) = eμd (2)

Taking into the expanded uncertainty o the attenuation actor was
approximated as 2 % or each measurement (calculated using exact
dierential method). HVL and µ were calculated or each specimen.
HVL, is the thickness o a material required to reduce the air kerma o an
X-ray or gamma ray to hal its original value.

The linear attenuation coecient is a constant that describes the
raction o attenuated incident photons in a monoenergetic beam per
unit thickness o a material (Huda and Slone, 2003).

Because o the linear relationship ln i0is (d), µ can be determined as the
slope o the line and uncertainty uμ is standard error o the estimation
using least squares method:

ln i0
is(d)

= μd (3)

The Hal-Value Layer (HVL) was calculated according to the equation:

HVL = ln(2)
μ (4)

The uncertainty o HVL was determined rom the uncertainty o uμ,
according to the relationship:

uHVL = HVL • uμ

μ (5)

3. Results

The change in cement type rom CEM I to CEM III had no signicant
impact on the volume o HRWR dosed, as measured by the slump cone

method at the assumed consistency, Table 5. However, increasing the
proportion o ne ractions o serpentinite resulted in a higher dosage o
HRWR. In all concretes rom both the CEM I and CEM III series, the
intended consistency was achieved without exceeding the maximum
dosage o admixture specied in the technical data sheet.

Density and compressive strength values determined ater 28 days o
curing are presented in Table 5. The reerence concretes A1 achieved a
density o 2495 kg/m3 and A3 = 2486 kg/m3. As expected, concretes
with magnetite aggregate exhibited the highest density, measuring
3583 kg/m3 with CEM I and 3499 kg/m3 with CEM III. The lowest
density was characteristic o concretes with serpentinite aggregate,
approximately 2319 ± 10 kg/m3.

Concretes made with Portland cement CEM I exhibited compressive
strengths ranging rom 57 to 70 MPa, whereas concretes with slag
cement CEM III showed strengths o 61 to 73 MPa. The reerence con-
crete with amphibolite aggregate, regardless o the type o cement used,
demonstrated a compressive strength o approximately 59± 2 MPa. The
highest compressive strength was exhibited by concrete with magnetite
aggregate, achieving 70 MPa with CEM I and 73 MPa with CEM III. A
decrease in compressive strength is observed when using serpentinite
aggregate compared to magnetite aggregate. For ordinary Portland
cement CEM I, the decrease is 17 %, while or slag cement CEM III, the
decrease is 15 %.

Gas permeability and rate o water absorption results are presented
in Table 6. Concretes made with slag cement CEM III showed reduced
gas permeability compared to those made with ordinary Portland
cement CEM I. Among all concretes, those with serpentinite aggregate
exhibited the highest gas permeability, while those with magnetite
aggregate showed the lowest or both types o cement. Concretes con-
taining serpentinite aggregate demonstrated higher gas permeability,
approximately 74 % and 119 % more than concretes with magnetite
aggregate, or ordinary Portland cement and slag cement, respectively.
Concretes with both magnetite and serpentinite aggregates showed
average gas permeability. The initial rate o water absorption was
highest in concretes with serpentinite aggregate and lowest in those with
magnetite, regardless o cement type. However, cement type also
infuenced the results, with concretes containing CEM I showing a
higher initial rate o water absorption compared to those with slag
cement.

The SEM-EDS analysis yielded detailed insights into the micro-
structure o the cement matrix, elemental composition, and distribution
within the coarse aggregate, as depicted in Figs. 4-6. Both ne and
coarse aggregates were evenly dispersed in the examined concrete
specimens. However, variations were observed in the interacial tran-
sition zone (ITZ) between the coarse aggregate and cement matrix. For
concrete made with magnetite aggregate, a dense layer was distinctly
visible, contrasting with the discontinuity zones observed with serpen-
tinite aggregate. These zones measured approximately 40 ± 13 µm wide
in concrete with CEM I and about 29 ± 11 µm wide in concrete with
CEM III (Fig. 5), showcasing the infuence o cement type on the width o
this layer. Notably, a denser cement matrix-aggregate contact zone was

Table 5
Values o the slump o the resh mix and density and compressive strength, determined ater 28 days o concrete maturity.
Properties CEM I CEM III

A1 M1 S1 MS1 A3 M3 S3 MS3

Slump mm 120 120 90 150 120 130 140 140

Density kg/m3 2495 3538 2329 2723 2486 3499 2309 2712
SD 30 42 25 24 34 30 35 39

Compressive strength MPa 57 70 58 67 61 73 62 69
SD 1.4 1.6 1.3 1.9 0.9 1.7 1.6 1.1

SD – standard deviation
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observed with slag cement (Fig. 5). In the concrete made with
amphibolite aggregate, singular discontinuities between the matrix and
aggregate grains were evident in CEM I concrete, whereas or CEM III
the ITZ zone appeared dense and compact. Moreover, in concrete con-
taining ordinary Portland cement, a layer o portlandite approximately
23.6 ± 3 µm thick surrounded the serpentinite aggregate grains. This
layer caused a shit o discontinuities between the aggregate grains and

cement matrix towards the cement matrix (Fig. 6).
Table 7 presents the gamma-ray attenuation parameters or the eight

concretes, including the attenuation actor (k), linear attenuation coe-
cient (µ), and hal-value layer (HVL). The highest attenuation actor
was ound in concrete with magnetite aggregate, ollowed by concretes
containing magnetite and serpentinite aggregate, as well as amphibolite
and serpentinite. Concretes M1 and MS1 showed attenuation actors

Table 6
Gas permeability and rate o water absorption values.
Properties CEM I CEM III

A1 M1 S1 MS1 A3 M3 S3 MS3

Gas permeability (1017) m2 2.50 1.48 2.58 2.20 2.00 0.96 2.10 1.80
SD 0.29 0.27 0.36 0.30 0.23 0.26 0.32 0.31

Initial rate o water absorption S1 (102) mm/s1/2 1.31 1.12 1.35 1.20 1.20 0.96 1.28 1.13
SD 0.08 0.07 0.07 0.05 0.04 0.04 0.08 0.05

Second rate o water absorption S2 (102) mm/s1/2 0.024 0.021 0.057 0.031 0.022 0.020 0.049 0.027
SD 0.001 0.001 0.003 0.002 0.001 0.001 0.002 0.001

SD – standard deviation

Fig. 4. SEM-BES image showing the interacial transition zone between cement matrix and coarse aggregate: (a-c) CEM I, (d-) CEM III; amphibolite Amph, magnetite
Mag, serpentinite Serp, sand S.

Fig. 5. SEM-BES image showing the dierences in the width o the interacial transition zone between cement matrix and serpentinite aggregate: (a) S1 ~ 40.1 µm,
(b) S3 ~ 28.5 µm; serpentinite Serp, sand S.
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respectively 10.5 % and 5.7 % higher compared to concrete with slag
cement. The infuence o cement type on the reerence concrete with
amphibolite and serpentinite aggregate was considered negligible.
Regarding HVL, the lowest values were characteristic o concretes with
magnetite aggregate, while the highest values were ound in concrete
with serpentinite aggregate.

4. Disscussion

In concrete incorporating serpentinite aggregate, particularly in the
ne ractions, higher quantities o high-range water reducer were
required, as anticipated based ater available literature, (Dąbrowski
et al., 2022; Kuć et al., 2024; Sayyadi et al., 2022; Lehner and Gołas-
zewski, 2021). Awadeen et al. (Awadeen et al., 2024) examined ultra-
high-perormance heavyweight concretes incorporating special aggre-
gates such as serpentinite, barite, and hematite, and similarly ound that
mixes with serpentinite exhibited the lowest slump. The decrease in
slump was explained by Sayyadi et al. (Sayyadi et al., 2022), who
attributed it to the water absorption o serpentinite aggregates and their

rough surace, which decreased the workability o concrete.
As expected, concretes with magnetite aggregate exhibited the

highest density (~3500 kg/m3), ollowed by those with both magnetite
and serpentinite aggregates (~2700 kg/m3). Slightly higher density
values were obtained or concretes with magnetite aggregate and ordi-
nary Portland CEM I compared to concretes with slag cement CEM III.
However, or the remaining concretes, the infuence o cement type on
density was negligible. Although Sayyadi et al. (Kuć et al., 2024)
demonstrated that replacing a part o the gravel aggregate with ser-
pentinite increased concrete density; however, the serpentinite aggre-
gate studied had a density o 2.7 g/cm3, whereas in this research, it was
2.6 g/cm3. Conversely, Lehner and Gołaszewski (Lehner and Gołas-
zewski, 2021) showed that among the investigated special concretes,
those containing serpentinite aggregate (0–16 mm) exhibited the lowest
density (2275 ± 17 kg/m3) and the density o hardened serpentinite
concrete tested by Ouda (Ouda, 2015) was 2520 kg/m3. A similar value
o the density (2650 kg/m3) o hardened concrete with serpentinite
aggregate and 2300 kg/m3 or concrete containing chrysotile aggregate
was obtained by Zayed et al. (Zayed et al., 2021; Zayed et al., 2024).

Fig. 6. SEM-BES image showing the layer o portlandite, discontinuities, and air pores in concrete with ordinary Portland cement and serpentinite aggregate:
serpentinite Serp, sand S.

Table 7
The results o the attenuation o 137Cs gamma radiation or analysed concretes.
Properties CEM I CEM III

A1 M1 S1 MS1 A3 M3 S3 MS3

Attenuation actor, k 2.61 4.30 2.47 2.91 2.67 3.85 2.44 2.74
SD 0.05 0.09 0.05 0.06 0.05 0.08 0.05 0.05

Linear atten. coe. µ cm1 0.195 0.294 0.181 0.217 0.197 0.277 0.179 0.208
SD 0.001 0.002 0.001 0.002 0.001 0.004 0.001 0.003

Hal-value layer, HVL cm 3.56 2.34 3.82 3.13 3.50 2.44 3.84 3.24
SD 0.01 0.01 0.01 0.03 0.01 0.03 0.01 0.05

SD-standard deviation
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The small raction o serpentinite aggregate led to a reduction in
concrete compressive strength by approximately 15 % compared to
concrete containing magnetite aggregate, though, it remained similar to
reerence concretes with amphibolite aggregate. Azzez et al. (Azeez
et al., 2019) achieved similar density values up to 3563 kg/m3 but
signicantly lower compressive strength (26–45 MPa) or heavy con-
crete, despite a lower w/c o 0.4. However, this was attributed to the use
o various high-density coarse aggregates, including steel slag, steel
shot, iron ore, and limestone aggregate. In contrast, Kubissa et al.
(Kubissa et al., 2018) and Dąbrowski et al. (Dąbrowski et al., 2022)
achieved comparable compressive strength results. Jain et al. (A. Jain
et al., 2023) also conrmed that the use o serpentinite in concrete
decreased its strength. Additionally, Sayyadi et al. (Sayyadi et al., 2022)
observed a decrease in compressive strength with an increase in ser-
pentinite aggregate content in concrete. With a serpentinite aggregate
content exceeding 25%, the compressive strength o concrete decreased.
According to the authors (Sayyadi et al., 2022), this was due to weak
hydration o the cement paste and insucient adhesion between the
cement paste and the serpentinite aggregates in the concrete.
Conversely, Dąbrowski et al. (Dąbrowski et al., 2022) explained the
decrease in compressive strength in concrete with serpentinite by the
increased porosity in the contact zone between the serpentinite aggre-
gate and the cement matrix. Abdullah et al. (Abdullah et al., 2022) noted
weakness at the ITZ in serpentinite concrete, as the coarse aggregates
had a highwater absorption rate, resulting in internal bleeding at the
aggregate surace and ormation o a porous ITZ. However, according to
Awadeen et al. (Awadeen et al., 2024), it was concluded that the use o
dierent special aggregates, including serpentinite, did not aect the
hydration reaction based on SEM observations showing similar crys-
talline structures on the suraces o specimens. Nonetheless, clear di-
erences are evident in the microstructure o concretes containing
serpentinite aggregate, as observed in the conducted research. This
variance in observations likely arises rom the type o specimens ana-
lysed. Awadeen et al. (Awadeen et al., 2024) conducted SEM analysis on
racture suraces, while in this case, the microstructure was examined on
polished specimen suraces. The ITZ between the aggregate and cement
matrix is believed to be approx. 25 – 70 μm thick and is characterized by
high porosity and a large amount o hydrated crystalline products such
as portlandite and ettringite (Yang et al., 1998). Studies based on SEM
analysis indicate that the thickness o ITZ ranges rom 10 to 50 μm (Chen
et al., 2024), but they did not concern concrete with special aggregate.
In the conducted microstructural analysis, it was ound that the ITZ
between the serpentinite aggregate and the cement matrix was highly
porous, measuring approximately 40 μm in concretes S1 and about 28
μm in S3 concrete. Simultaneously, the presence o portlandite layers
was observed on some grains o serpentinite aggregate. This nding is
consistent with earlier research by Dąbrowski et al. (Dąbrowski et al.,
2022), who revealed that the width o the contact zone o increased
porosity around the serpentinite grains was approx. 40 to 60 μm. The
increased porosity o the ITZ in serpentinite-containing concrete is
directly linked to a 15 % reduction in compressive strength compared to
concrete with magnetite aggregate, which has a denser ITZ. This higher
porosity weakens the cement-aggregate bond, leading to lower strength.
The presence o portlandite layers urther weakens the ITZ, particularly
in CEM I concretes, while slag cement results in a more compact, less
porous ITZ. This is partly due to the signicantly higher water absorp-
tion o serpentinite aggregate compared to magnetite (Table 3). Chen
et al. (Chen et al., 2024) conrmed that aggregate water absorption
plays a crucial role in ITZ microstructure ormation, while observations
by He et al. (He et al., 2020) revealed that ITZ weakness stems rom
microcracks, excessive porosity, and a high concentration o portlandite
crystals. Shi et al. (Shi et al., 2020) noted that while the eect o ITZ on
concrete permeability is not ully understood, they provided a ormula
to predict apparent permeability by considering the multi-scale pore
structure and ITZ. The observed microstructural eatures concerning
shielding concrete are consistent with literature data (Awadeen et al.,

2024). The rough suraces o heavy-weight aggregates exhibit a strong
connection between the aggregates and the paste. This enhancement in
ITZ bonding is likely to increase the strength, elastic modulus, and ra-
diation shielding resistance o heavyweight radiation shielding concrete
mixes (Awadeen et al., 2024). Similar results were reported by Zayed
et al. (Zayed et al., 2021), who investigated shielding concretes con-
taining barite and chrysotile, a variety o serpentine, and ound a su-
perior ITZ layer in concrete with barite. The barite grains were highly
interlocked with the cement paste, resulting in a very small or almost
non-existent ITZ, whereas a porous layer was clearly visible between the
serpentine grains and the cement matrix.

Durability is also aected: serpentinite aggregate concrete exhibits
gas permeability values approximately 74 % and 119 % higher than
those o magnetite aggregate concrete or CEM I and CEM III, respec-
tively. Concrete with serpentinite aggregate exhibited the highest values
o gas permeability and initial rate owater absorption, while those with
magnetite aggregate showed the lowest. Additionally, all concretes
made with slag cement showed reduced both gas permeability and
initial rate o water absorption compared to those made with ordinary
Portland cement. The above results are supported by the literature data
(Sayyadi et al., 2022; Tracz, 2016; Hager et al., 2019). Tracz (Tracz,
2016) showed lower gas permeability in slag cement pastes compared to
ordinary Portland cement pastes and revealed that the C-S-H phase in
pastes made with CEM III was more compacted and less porous than in
the ordinary cement pastes. Hager et al. (Hager et al., 2019) ound that
concretes with CEM III showed lower permeability and higher
compressive strength or both basalt and gravel aggregates concretes
compared to CEM I concretes. Whereas Sayyadi et al. (Sayyadi et al.,
2022) demonstrated that while replacing 25 % o sand with serpentinite
aggregate reduces water absorption, the use o coarse raction serpen-
tinite aggregates increased water absorption in all tested concretes. The
highest water absorption was observed in the concrete containing 100 %
serpentinite aggregate. Jain et al. (A. Jain et al., 2023) in review paper
also described similar ndings regarding serpentinite aggregate. The
relationship between initial sorptivity, gas permeability, and compres-
sive strength o concrete was ound (Fig. 7). It shows that higher
compressive strength correlates with lower initial sorptivity and gas
permeability. Greater compressive strength results, as well as lower gas
permeability in slag cement-based concretes compared to ordinary
Portland cement-based concretes, were due to a denser and less porous
cement matrix and interacial transition zone. It was partially conrmed
by Fabien et al. (Fabien et al., 2021). They reported that increased
aggregate size in concretes made with CEM I and CEM III resulted in
decreased mechanical strength and increased gas permeability. How-
ever, Jaya et al. (Jaya et al., 2011) demonstrated that the connection
between the compressive strength o concrete and permeability coe-
cient was notably aected by curing times and was sensitive to the
neness o cementitious materials. Abbas’s view (Abbas et al., 2000) can

Fig. 7. Relationship between initial sorptivity and gas permeability o concrete
vs compressive strength.

D. Jóźwiak-Niedźwiedzka et al. Nuclear Engineering and Design 429 (2024) 113616

9



be considered here, which states that the relationship between gas
permeability and compressive strength can be more accurately inter-
preted as a trend rather than a single, denitive relationship.

The attenuation actor or the same thicknesses o the specimens was
used to quantiy the reduction in ionization current caused by the
presence o various concrete shields. It is a crucial parameter in radia-
tion detection, as it assesses how shielding materials attenuate radiation,
(Shams et al., 2018). Fig. 8 shows the relationship between compressive
strength and k vs density o concrete. It shows a clear trend where higher
density correlates with increased compressive strength and attenuation
actor. Al-Humaiqani et al. (Al-Humaiqani et al., 2013) analysed heavy
concrete containing barite and hematite and revealed that as the
strength increased, the attenuation o γ-rays also increased. Addition-
ally, just like in conducted research, it was demonstrated that the
compressive strength and attenuation o γ-rays have a nearly linear
relationship. Saaan et al. (Saaan et al., 2023) arrived at similar con-
clusions using magnetite aggregate and steel particles. The obtained
gamma attenuation results conrm that material composition is a crit-
ical actor in optimizing concrete’s shielding capabilities (Alkarrani,
2024). Similar to the use o iron additions (ALMisned et al., 2024), bo-
rosilicate glass (ALMisned et al., 2024), WO3/PbO (Zakaly, 2023), or
WO3 and Bi2O3 micro and nanoparticles (Tekin et al., 2018) in concrete
shields. Other materials, such as polymer-based (Abualroos et al., 2023;
Tekin et al., 2020; Alkarrani, 2024) or polymer-lead composites (Ihsani
et al., 2024) have also been studied. It has been ound that appropriately
modiying tiny particles that have high atomic numbers within the
epoxy matrix enhances the radiation shielding eciency o these ma-
terials, making them suitable or gamma radiation shielding applica-
tions. However, unlike shielding concrete, these materials cannot be
used as construction materials due to their low mechanical properties
and also an ionizing radiation can alter the structure and properties o
polymers (Ihsani et al., 2024).

Fig. 9 illustrates the relationship between gas permeability and hal-
value layer (HVL) versus the concrete density. It is evident that there is
an almost perect match between the values o HVL and the density o
concrete, as expected (Ouda, 2015; Jóźwiak-Niedźwiedzka and Lessing,
2019; Azeez et al., 2019; Klinkenberg, 1941; Mostonejad et al., 2012;
Esahani et al., 2021). Additionally, the relationship between gas
permeability and concrete density was ound. In the literature, results
regarding the relationship between gas permeability and porosity
(Tracz, 2016; Hager et al., 2019; Zhang et al., 2022), relative humidity
(Kubissa and Glinicki, 2017), or mechanical properties (Hager et al.,
2019; Miah et al., 2019) can be ound. However, there is a lack o in-
ormation concerning the correlation o gas permeability and density o
heavy concrete. While Kubissa et al. (Kubissa and Glinicki, 2017)

presented air permeability index as a unction o concrete density index,
they did not establish any dependency. Only the relationships between
density and permeability have been studied or soil (Miana Radja et al.,
2021).

The results obtained rom study o Mostonejad et al. (Mostonejad
et al., 2012) showed that the attenuation o γ-rays in concrete was
directly related to the density o concrete. Thereore, it was ound that
each internal actor increasing the density o concrete will correspond-
ingly increase the value o the radiation attenuation coecient o the
concrete. However, not all density-improving agents simultaneously
enhance gas tightness. Despite the improvement in gamma shielding
properties o the bentonite clay mixture by adding steel slag, the authors
(Isahani et al., 2019) obtained a more permeable material or water and
gas penetration.

Regarding the eect o long-term exposure to gamma radiation on
the gas permeability o shielding concrete, it is known that over time,
this type o radiation can cause microstructural changes in concrete,
including the disintegration o chemical bonds in the cement matrix
(Field et al., 2015; Pomaro, 2016). A dose o 100–200 MGy corresponds
to the exposure o concrete used as a biological shield during 80 years o
power plant operation (Němeček et al., 2023). Cement paste shrinks due
to the radiolysis process under the infuence o gamma radiation and the
evaporation o pore water due to radiation heat (Pomaro, 2016), which
promotes the ormation o microcracks in the cement matrix. However,
gamma radiation on the order o several MGy caused microstructural
eects, such as changes in carbonate speciation, which correlated with a
decrease in volumetric porosity (Reches, 2019). At the same time, the
mass, dimensions, and mechanical properties o concrete did not dete-
riorate signicantly (Reches, 2019). It was also shown that the
carbonation depth was linearly dependent on gamma radiation at a
maximum dose o 1.6 MGy, which resulted in a reduction o concrete
porosity (Jóźwiak-Niedźwiedzka et al., 2022). Depending on the gamma
radiation dose, microstructural changes can aect the porosity o con-
crete, potentially leading to changes in the gas permeability o concrete.
The degree o change in gas permeability depends on actors such as the
type o radiation, its intensity, duration o exposure, and the specic
composition o the concrete.

Concrete with high radiation shielding requirements should possess
low gas permeability and eective shielding properties against gamma
radiation. Achieving these characteristics involves careul material se-
lection, mix design optimization, and quality control throughout the
production process. The obtained results suggest that the type o cement,
aggregate, and the proportion o aggregate ractions signicantly aect
the dosage o HRWR, consistency, density, and compressive strength o
the concrete. Additionally, there’s a noticeable dierence inFig. 8. Relationship between compressive strength and attenuation actor k

vs density.

Fig. 9. Relationship between gas permeability and HVL values vs con-
crete density.
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compressive strength when comparing concretes made with dierent
aggregates, especially when using special aggregates like serpentinite.
The type o cement and aggregate used in concrete production signi-
cantly infuences both gas permeability and the initial rate o water
absorption. Slag cement generally leads to reduced gas permeability
compared to ordinary Portland cement. Serpentinite aggregate tends to
increase gas permeability and initial water absorption rates, while
magnetite aggregate tends to reduce them. The SEM-EDS analysis
revealed dierences in the microstructure and ITZ characteristics based
on the type o cement used and the type o coarse aggregate. These
ndings provide valuable insights into the interacial properties and
potential durability and shielding eciency o the special concrete.

Comprehensive assessment o the developed concrete shielding
mixtures necessitates additional research. Besides examining the dis-
cussed transport properties and associated microstructural aspects, the
material’s durability in a nuclear setting will be infuenced by prolonged
exposure to radiation. Research will be carried out to evaluate this
impact. Additionally, investigations will be conducted to measure the
gas permeability o the shielding concrete using a range o techniques,
including non-destructive methods. Another area or uture research
concerns the eects o mechanical and/or thermal loading on the
development o microcracking (in relation with ITZ) and changes in the
shielding properties o the studied concretes.

5. Conclusions

This research uniquely explores the eects o varying aggregate
types (amphibolite, magnetite, and serpentine) and cement types (or-
dinary and slag) on both gas permeability and gamma radiation
shielding. While concrete perormance in nuclear structures has been
studied beore, the combination o these specic variables and their dual
impact on permeability and radiation shielding is relatively novel.

Based on the conducted research, the ollowing conclusions may be
ormulated:

• There is a noticeable dierence in density and compressive strength
when comparing concretes made with dierent aggregates, espe-
cially when using special aggregates like serpentinite. Concrete with
serpentinite aggregate was characterized by the lowest density and
the lowest compressive strength, justied on the microstructural
scale by the presence o deects and discontinuities at the interacial
transition zone.

• The type o cement and aggregate signicantly infuence both gas
permeability and the rate o water absorption in concrete. Slag
cement generally reduces gas permeability and water absorption rate
compared to ordinary Portland cement. Serpentinite aggregate tends
to increase gas permeability and initial water absorption rates, while
magnetite aggregate tends to decrease them.

• The gamma-ray attenuation properties o concrete are infuenced by
the type o aggregate and cement used. Concrete with magnetite
aggregate tends to exhibit higher attenuation actors. Additionally,
the choice o cement type can also impact gamma-ray attenuation,
with ordinary Portland cement generally providing higher attenua-
tion compared to slag cement.

• Concrete with magnetite aggregate is characterized by the lowest gas
permeability and the highest shielding properties against gamma
radiation among the analysed concretes.

• The development o a porous zone around serpentinite aggregates
signicantly infuenced the compressive strength, gas permeability,
and radiation shielding properties o the concrete.

• The relationship between gas permeability, the Hal-Value Layer
(HVL), and the density o concrete has been ound and may be used
to evaluate in a simplied way shielding perormances o concrete,
without resorting to a complex radiation test.

A quantitative relationship between compressive strength, gas

permeability, initial water absorption, and radiation attenuation, which
oering practical insights or optimizing concrete mix designs or spe-
cic perormance criteria were presented.

The obtained results may lead to design more eective impermeable
concrete shields, reducing the risk o radioactive leaks and enhancing
protection against harmul radiation. This directly contributes to the
saety and eciency o nuclear acilities. The advantages result o this
work lie in its potential to enhance saety, durability, and cost-
eectiveness in nuclear acility construction and maintenance. In addi-
tion, using slag cement instead o Portland cement or shielding concrete
can signicantly reduce the carbon ootprint and contribute to a more
avorable environmental impact. Although aggregates such as magnetite
or serpentinite are mined and can lead to resource depletion, the dura-
bility o concrete made rom these materials plays a crucial role in their
overall liecycle. More durable concrete reduces the need or requent
replacements and repairs, which in turn decreases the demand or new
materials and the associated environmental impacts.
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