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ABSTRACT

Keywords:
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Irradiation concrete

Radiation measurement

The efficiency of radiation shielding is crucial across industries having radioactive activities, from
medical facilities to nuclear power stations. Radiation-Shielding Concrete (RSC) emerges as the
preferred material for its cost-effectiveness, robust mechanical performance, ease of production,
and excellent radiation attenuation properties against ionizing radiations such as gamma rays, X-
rays, and neutrons. This comprehensive review delves into the evolution of SCI indexed research
on concrete materials for radiation protection, focusing primarily on studies published in the last
decade. It meticulously analyze the latest literature to understand how RSC materials enhance
radiation attenuation. The review provides valuable insights into the influence of irradiation on
both macro- and micro-properties, enriching the knowledge base for material efficiency and
effectiveness concerning different types of radiation and shielding requirements. Additionally,
this review with a set of recommendations for future research to advance progress in modern
construction, encouraging further examination and innovation in the selection of RSC materials.
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(continued)
LS Lead slag
cs Copper slag
SS Steel slag
NF FepOs-nanoparticles
NZ ZnO-nanoparticles
GGBS Ground Granulated Blast-furnace Slag
SA Siderurgical aggregate
SAC Siderurgical aggregate concrete
B4C Boron Carbide
BSGP Borosilicate glass powder
NPs Nanoparticle
CNTs Carbon nanotubes
SEM Scanning electron microscopy
ASR Alkali-silica reaction
v Gamma ray
HVL The half-value layer
LAC The linear attenuation coefficient
MAC The Mass Attenuation Coefficien
TVL The Tenth Value Layer
EM Electromagnetic wave
NDT Non-destructive testing
ECT Electrical capacitance tomography
HPGe High-Purity Germanium
Nal(Tl) Thallium-doped sodium iodide Scintillation Detectors
Nal Sodium Iodide Scintillation Detectors
Co60 Cobalt-60
Bal33 Barium-133,
Cs137 Caesium-137

1. Introduction

Despite the shift toward renewable energy, nuclear power remains a vital part of total energy generation globally [1], contributing
around 12 % of the world’s electricity and are still constantly increasing as shown in Fig. 1 [2]. This is highlighted by the fact that 30
countries operate 439 nuclear reactors, with an additional 64 units currently in the planning stage [2]. Nuclear power constitutes a
significant portion of Europe’s electrical supply, accounting for more than one-quarter of its total generation; over 30 % of the region’s
electricity demand is met through nuclear energy, while fossil fuels provide 40 %, and renewables make up the remaining share [3]. As
of 2024, Europe has a total of 131 operational nuclear power reactors, and currently, three European Union member states are engaged
in the construction of further nuclear power plants [3]. A nuclear facility is essentially a thermal power station that uses a nuclear
reactor as its primary heat source [4], and heat is utilized to generate steam, driving a steam turbine connected to an
electricity-generating generator [5]. This principle is applied in nuclear power plants to ensure that they fall within the list of clean
energy sources, as they do not generate any carbon emissions; this approach enhances efforts to reduce and avoid CO5 emissions, as
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Fig. 1. Nuclear electricity production by region (1970-2023) (adapted from Ref. [17]).
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depicted in Fig. 2 [6]. The first nuclear power reactor was established in the United States on December 20, 1951 [7], and interest in
building and constructing nuclear fission reactors for energy production for nonmilitary applications peaked in the discourse during
the 1970s and 1980s [8]. Owing to the inherent radioactivity of nuclear fission, encasing the reactor core within a safeguarding shell is
critical [9], serving as a containment mechanism that effectively mitigates the dispersion of radiation and prevents the release of
radioactive substances into the environment [10].

Radiation-shielding concrete (RSC) plays a vital role in protecting against harmful ionizing radiation across various applications
[11,12]. In nuclear power plants, it is crucial for safeguarding workers and the environment, forming an integral part of reactor
containment structures, spent fuel storage, and waste disposal facilities. Medical facilities also utilize RSC to build walls, floors, and
ceilings in diagnostic imaging and radiation therapy rooms, ensuring a safe environment for patients, staff, and visitors [13]. It is also
essential in industrial radiography facilities, enabling safe non-destructive testing in aerospace, automotive, and construction sectors
[14,15]. Research laboratories that handle radioactive materials depend on RSC for protection and adherence to safety regulations.
The military uses it in bunkers and command centers to protect personnel and equipment from nuclear threats. In nuclear waste
storage, RSC isolates radioactive materials, preventing radiation from leaking into the environment [16]. Furthermore, in radio-
pharmaceutical production, it safeguards workers during the production and handling of medical isotopes. Overall, radiation-shielding
concrete is indispensable for ensuring safety and regulatory compliance, supporting the beneficial use of radiation in various fields.

The investigation of construction materials for nuclear facilities holds significant importance for the advancement of concrete and
consequently enhances human safety. The present review aims to address the existing gap in the literature concerning the compre-
hensive synthesis and analysis of emerging materials, including high-density aggregates, innovative composites and nanomaterials
which have the potential to enhance the radiation shielding properties of RSCs. Radiological protection and shielding represent vital
aspects across various industries, spanning from medical facilities to nuclear energy production. This comprehensive review endeavors
to explore the dynamic landscape of technological advancements within concrete-based radiation shielding. By conducting an
extensive analysis of contemporary literature, this review elucidates the latest trends, innovations, and methodologies employed for
augmenting the radiation attenuation capabilities of concrete materials. Through a meticulous synthesis of research findings, this
manuscript provides valuable insights into the evolving strategies that contribute to optimizing concrete shielding capabilities. It
serves as a valuable resource for practitioners, policymakers, and researchers involved in radiation safety and shielding applications,
offering a forward-looking perspective on the future directions of this pivotal field. Moreover, this review aims to provide compre-
hensive resources that can stimulate further exploration, innovation, and collaboration in the realm of RSC technology within modern
construction industries.

2. Radiation shielding fundamentals

The increased utilization of ionizing radiation in various industries has led to significant interest in radiation protection [18].
Radiological protection involves strategies to protect people from the harmful effects of ionizing radiation exposure [19]. The three
fundamental principles of radiation protection include time, distance, and shielding, as depicted in Fig. 3 [20]. The effectiveness of
radiation shielding depends on factors such as the radiation intensity, the density of the shielding material, and the atomic number of
the elements in the shield. Other important aspects of radiation shields include mechanical strength, cost-effectiveness, and resistance
to radiation damage [21]. The function of shielding is attenuating radiation, where the attenuation of radiation is proportional to the
shield density and inversely related to the radiation energy, meaning that higher energy radiation results in less attenuation. In
contrast, the density of the radiation shield and the atomic number of its elements enhance attenuation [18]. The probability of y-rays
interacting with a shield depends on the photon’s energy, the atomic number of the shielding material, and its density (p) [18].
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Fig. 2. Cumulative CO, emissions avoided by nuclear power by country (Raw data adapted from Ref. [6]).
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Fig. 3. Basic concepts of radiation shielding.

The mechanism for protecting materials from high-energy electromagnetic gamma rays is relatively simple, whereas shielding
against neutrons is more complex [22]. Gamma ray attenuation involves the photoelectric effect, Compton scattering, and pair pro-
duction. In the photoelectric effect, gamma rays transfer energy to an electron, ejecting it from the atom, which is effective in high
atomic number materials [23]. Compton scattering, at intermediate energies, involves gamma rays colliding with electrons and losing
energy. Pair production, at high energies, converts gamma rays into electron-positron pairs near a nucleus [23]. High-density materials
like lead, Tungsten and Iron, with high atomic numbers, are effective at reducing gamma ray intensity through these mechanisms.
Neutrons, which lack charge, interact only with the nuclei of target atoms. The most effective way to attenuate neutrons is through
collisions with nuclei of low atomic number elements, such as hydrogen and boron [24-26].

In radiography, the concept of the half-value layer (HVL) is commonly used due to its simplicity in remembering values and
conducting straightforward calculations. The HVL refers to the thickness of a material needed to decrease the intensity of gamma
radiation by 50 %. This value is typically measured in centimeters (cm). The HVL can be calculated as shown in Eq. (1).

HVL=— 1)
u

Where p refers to the linear attenuation coefficient (crn’l), and is calculated using the Beer-Lambert formula, as shown in Eq (2) [95].
u==In — 2)

Where Ty and T are the number of photons the monitoring system collects with and without the RSC material.

Within the context of shielding calculations, having knowledge of the thickness of one HVL enables a rapid assessment of the
amount of material required to reduce radiation intensity. The underlying idea in this context is that the efficiency of shielding im-
proves as the thickness of the material increases, in accordance with an exponential correlation [27]. Nevertheless, the impact
gradually decreases when more layers of shielding material are incorporated. Another important factor is the Tenth Value Layer (TVL),
which represents the thickness of a shielding material required to reduce the radiation intensity to one-tenth of its original value. The
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TVL is also measured in centimeters (cm). The calculation of TVL can be represented by the following equation, denoted as Eq. (3).
~In10
u

TVL 3)

Another parameter is macroscopic removal cross-section, often denoted as X, is a crucial parameter in the attenuation of radiation,
particularly for neutrons. It quantifies the probability of neutron removal per unit path length in a material, taking into account all
possible interactions that result in the neutron being effectively removed from the beam. These interactions include scattering, ab-
sorption, and any reactions that alter the neutron’s energy or direction significantly enough that it no longer contributes to the original
beam. It can be determined through Eq. (4), as following [28]:

I = LyeXoREn/x )

Where I is the total intensity of fast neutron flux emitted from the source within the energy range of 0.8-11 MeV, I is the total intensity
of fast neutron flux transmitted from concrete samples within the same energy, E, is the neutron attenuation coefficient, and x is the
definite thickness of the concrete sample within which the flux is transmitted.

Fig. 4 depicts the test setup with reactor neutron flux for neutron shielding evaluation of concrete, while Table 1 presents further
information about the radiation sources, detector types and testing setups.

This procedure entails the measurement of neutron transmission through a target material with predetermined thicknesses. To
assess the effectiveness of radiation shielding in various concrete mixtures, the thickness of the samples is modified by assembling slabs
of the desired thickness. This method enables a meticulous assessment of the recital of different concrete compositions in respect to
radiation shielding.

3. Radiation shielding materials

Radiation shields play a crucial role in diverse occupational settings, particularly for individuals working in nuclear energy fa-
cilities and for structures specifically engineered to store nuclear waste [52]. The efficacy of radiation shielding is contingent upon the
utilization of suitable materials in radiation shielding components [53]. A variety of materials are employed for radiation shielding,
including heavyweight concrete, iron, lead, and water, each with distinct features. For instance, while lead is considered optimal for its
exceptional shielding capabilities, it is costly and poses significant health risks [54,55]. These components must fulfill health pro-
tection standards for individuals who are consistently exposed to radiation, as well as in situations involving unforeseen incidents [56].
Moreover, they are required to adhere to the criteria for the ultimate limit requirements and serviceability, meeting necessary stan-
dards for sound and thermal insulation, toughness, and durability [57].

Conventional radiation shields are typically constructed from lead [57]. When stacked to the correct thickness, lead sheets are an
effective element in the production of radiation-shielding materials [58]. The clothing is usually available in three standard levels of
lead equivalency, 0.25 mm, 0.35 mm, and 0.5 mm, offering different levels of protection [59]. However, despite its efficacy as a
protective barrier, lead is acknowledged as a cumulative toxicant substance and has been classified as the second most perilous
contaminant by the USEPA. This classification is partly attributed to the tendency of these materials to develop thin oxide coatings that
readily detach [60]. Lead poisoning caused by shield exposure can result in severe complications such as cognitive impairment,
memory loss, hypertension, anemia, renal damage and even death [61].

Various substitutes for lead in shields have been investigated, including metallic alloys [62], metal oxide-doped glass systems [63],
and processed nanobased composites [63]. Nevertheless, most of these materials frequently encounter several limitations, such as
exorbitant expenses, restricted adaptability, diminished durability, and complex manufacturing processes. Compared with other
shielding materials, the superiority of RSC over several shielding materials such as lead, metal and paper are clearly evident [64,65].
This makes it a preferred choice for shielding in many applications, including nuclear power plants, laboratory hot cells, research
reactors, and particle accelerators [66]. Fig. 5 demonstrates the varying effectiveness of different materials in blocking radiation, with
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Fig. 4. Test setup with reactor neutron flux for neutron shielding evaluation of concrete (Adopted with improvement from Ref. [29]).



A.M. Onaizi et al. Journal of Building Engineering 97 (2024) 110800

Table 1
Summary of major findings of radiation tests as reported by previous researchers (data collected from Refs. [18,30-51]).
Radiation Detector type, Distance from Duration of count Thickness of Distance from Dia. of collimator ~ Ref.
source mm source to specimen observation, min sample, mm detector to specimen opening, mm
(mm) (mm)
Co60 HPGe 790 - 26-182 60 - [30]
Co60 Nal(Tl) 200 - 20 200 - [31]
Am241, Nal(Tl) 100 50 Pin hole, (1 cm?  [32-34]
Co60,
Bal33
Co60, Cs137 - - 15 20-100 - [35]1
Cs137 NalI(TD) 330 - 11-16 310 2.8 [36]
Co60, Cs137 Scintillator 20 - 10-40 50 10 slit [18]
Co60, Cs137 Nal (TL) 50 120 40-120 400 - [371
Co60, Cs137 NalI(TD) - - - - 18 [38]1
Co60, Cs137 Nal(Tl) - 20-100 - [39]
Co60, Cs137 Nal(T1) 20 - 150 50 - [40]
Cs137 HPGe 100 10-90 100 5 [41]
Co60 HPGe 100 12-36 50 [42]
Cs137, Co60 Nal(Tl) - - 100-300 - 8 [43]
Co60, Cs137 Nal(Tl) 147 1.5 286 26 [44]
Cs-137 Berthold LB- 300 - 50 to 200 300 3 [45]
6411
Cs137 Scintillation 500 - - 500 - [46-48]
Cs137 BaF2 and PSS - 60 80 350 - [49]
Scintillators
A 150 model, Nal 200 Long period 100 - - [51]
Co60
Co60 - 250 <1% 100 250 . [50]1

concrete showing the highest efficiency.

4. Radiation shielding concrete

Concrete is a popular choice for radiation shielding due to its affordability, durability, and versatility [65]. The structure and
density of RSCs make them effective materials for attenuating y-rays, especially considering their high density and simple
manufacturing process compared to those of pure lead blocks or specialized neutron shielding materials [10,64]. RSC is classified as a
safe composite material that consists of cement, water, and heavyweight aggregates [67]. The reinforced concrete (RC) structures
proofed that it has the capability to bear various types of loading phenomena, including gravity loads, incidental loads such as impact
loads and earthquake forces caused by blast loads, and tornado-generated projectiles, throughout its lifespan [68]. By improving some
RC properties to become capable of attenuating radiation, radiation-shielding concrete has become a typical choice for radiation
shielding and protection.

Prominent examples of aggregates used in RSC include barite, colemanite, magnetite, and hematite [69-73]. The use of RSC is
prevalent in both medical [74] and nuclear applications [75], and its effectiveness is enhanced by the incorporation of dense natural
aggregates such as barites, which increase the density of the material to almost 3500 kg/m?> (a 45 % increase compared to standard
concrete), or magnetite, which results in a density of 3900 kg/m? (signifying a 60 % increase) [76,77]. Table 2 summarizes the
literature findings in terms of influence heavy weight aggregate and alternative materials or additives on strength and shielding
properties. Additional merits of RSCs include their superior strength, as depicted in Fig. 6, along with their tailorable properties,

X-rays X
AGamma‘ 4 . > ~
Neutrons n
Paper Metal Lead Water
Concrete

Fig. 5. Types of radiation, penetrations, and properties (Adapted with improvement from Refs. [64,65]).
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Table 2
Overview of research on heavy weight and alternative materials used in RSC [51,54,57,78,89-97]
Remarkable constituents Strength properties Trend Shielding properties Refs.
T
Heavyweight Magnetite aggregates Increases in impact resistance by 66 %, 1 Improvements noted in p by 8.6 % and the [92]
aggregates ultrasonic pulse velocity by 14 %, and half value layer by 7.9 %.
compressive strength by 40 %.
Barite aggregates Density and tensile strength improved by 1 Improved the attenuation up to 3.1 % [93]
17.6 % and 1.2 %, while compressive
strength and modulus of elasticity decreased
by 3.7 % and 21.12 %.
Barite aggregates Improvements in compressive and splitting 1 Attenuation improved by 2.5 % [90]
strengths, and density by 66 %, 101 %, and
138.5 %, respectively.
Electric Arc Furnace (EAF) Density, compressive strength, tensile — | Reduced shielding thickness by 18 % and  [51]
slag aggregate strength, and modulus of elasticity improved 19 % compared to ordinary concrete.
by 17.8 %, 40.64 %, 27.7 % and 34 %.
Combination of basalt, barite Basalt with hematite showed the highest 1 The hematite and barite mix provided the [98]
and hematite compressive strength at 150.6 MPa. Other best radiation shielding, with a linear
synthetics also exceeded 140 MPa at 28 days. attenuation coefficient of 0.173 cm?, a
All synthetics achieved split tensile strengths half-value layer of 4.01 cm, and a tenth-
over 16 MPa with a variation of 0.7 MPa, and value layer of 13.28 cm at 1250 KeV.
flexural strengths above 22 MPa with a
variation of 1.5 MPa.
Lead slag (LS), copper slag The density, compressive strength, tensile 1 All radiation attenuation parameters (mfp), [99]
(CS), and steel slag (SS) as strength, flexural strength, and modulus of linear and mass attenuation coefficients,
coarse aggregate elasticity ranged from 2605 to 3370 kg/m>, HVL, and TVL) at 22 °C and 800 °C have
92.9-105.8 MPa, 12.1-14.2 MPa, 16.8-19.5 been improved. LS, CS, and SS had the
MPa, and 41.97-45.76 GPa, respectively, highest positive impact on radiation
compared to 2400 kg/m>, 89.3 MPa, 11.6 intensities, listed in descending order:
MPa, 15.8 MPa, and 40.78 GPa for basalt 137Cs at 662 keV, 60Co at 1332 keV, and
aggregate. Optimal properties were achieved 60Co at 1173 keV.
with 75 % basalt replacement by lead slag.
Additives and Lead-zinc slag wastes Compressive strength (20 %) ) Attenuation improved by 23.1 % [94]
Nanoparticles BiyO3-loaded concrete Compressive strength (30 %) 1 Attenuation improved by 3.15-6.42 % [95]
Boron oxide-infused basalt Enhancement of density in radiation 1 Integration of basalt-boron fibers in [78]
fibers shielding material through basalt-boron concrete shows no impact on gamma-ray
fiber integration. shielding, yet markedly boosts neutron
shielding, especially in nuclear facilities
handling fast or thermal neutron spectra.
Furnace steel slag aggregate Improved compressive strength by 7 %. 1 Increase the p and gamma attenuation [97]
factor by 14.5 and 5.8 % decrease half
value layer by 12.7 %
Steel fiber Density, compressive strength, splitting 1 Increased by 10-15 %, depending on the  [96]
strength, and flexural strength improved by photon energy, compared to conventional
2.5 %, 3.3 %, 2.2 % and 0.6 %. concrete
Phosphotungstic acid - The assembled nanocomposites were found 1 Overall enhancement observed in [89]
Copper oxide nanoparticles - highly protective from y-rays. attenuation characteristics.
Plastic waste nanocomposites
TiO, nanoparticles By increasing the nano - TiO, up to 6 %, the 1 By adding 8 % of nano particles the p for ~ [100]
compressive strength is increase by 15.5 %. photon energies of 662, 1170, and 1332
keV are increased by 8.9, 5.4, and 7.8,
respectively, with respect to those of the
reference specimens.
Hematite nanoparticles (NF) The inclusion of 2 % of NF improved 1 The results reveal that the linear [91]
compressive strength by around 20 %. attenuation coefficient values for pastes
containing 2 mass % NF increase by 6, 3
and 11 % at 3, 28 and 90 days.
ZnO nanoparticles The incorporation of NZ, up to 0.2 mass %, - | The linear attenuation coefficient value for

decreases the compressive strength during
all hydration periods.

the paste containing 0.05 mass % NZ (mix
Z1) is nearly similar to that of mix B after 3
days of hydration and then decreases by 1.5
and 1.3 % after 28 and 90 days of
hydration, respectively

nonhazardous nature, and feasibility for convenient on-site fabrication [57]. A notable advantage of the RSC is its ability to be
mix-designed for effective shielding against both neutrons and gamma radiation [78], a characteristic that is not present in lead. Lead
exhibits lower neutron absorption efficiency than does RSC and can produce secondary neutron radiation via photoneutron in-
teractions when used as a shield against high-energy gamma rays with energies above 10 MeV [79,80].
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It is known that attenuation efficiency depends on density, rather than compressive strength. Numerous studies have demonstrated
a relationship between shielding and density, but the focus on the relationship between shielding and water content has been limited.
In this context, Fig. 6 summarizes the results of compressive strength and w/c (water-cement ratio), as it is an indicator of the water
content trapped in the pores and the linear attenuation coefficient. As shown in Fig. 6, there is no clear relationship between
compressive strength and the linear attenuation coefficient. However, there is a proportional relationship between the linear atten-
uation coefficient and both of density and w/c, where an increase in w/c with proper density indicates an increase in the linear
attenuation coefficient. It is noteworthy that an increase in w/c reduces the density of concrete, but this relationship can be attributed
to the effectiveness of the water content in neutron attenuation, as lighter nuclei such as hydrogen are more effective in neutron
attenuation compared to nuclei of atoms with larger atomic numbers. Therefore, the capacity of RSC to diminish many forms of ra-
diation, such as alpha rays, beta rays, gamma rays, X-rays, and neutrons, can be linked to its high density and significant concentration
of crystalline water [65]. However, concrete has limitations, including its substantial thickness, opacity, tendency to crack under
intense radiation, and gradual decrease in density and mechanical strength over time [81].

4.1. Aggregates used in RSC

Several experiments have been carried out to enhance the traditional shielding characteristics of RSC by including various types of
aggregates [101]. Heavyweight materials, also known as high-density materials, possess a density greater than that of standard
concrete. Normal weight aggregate typically has a density ranging from 2300 to 2500 kg/m>, whereas heavyweight aggregate exhibits
a density exceeding 3000 kg/m® according to BS 8110 and EN 206-1 [12,102]. As shown in Table 3, Barite and Magnetite are noted for
their high density, which significantly enhances their radiation attenuation capabilities. Barite, with densities ranging from 3000 to
4500 kg/m>, offers superior radiation attenuation (HVL 3.8-4.0 cm) and moderate compressive strength (20-36 MPa). Magnetite also
provides high density (3500-5200 kg/m?), excellent radiation attenuation (HVL 0.5-2.0 cm), and high compressive strength (20-150
MPa). Siderurgical aggregates, though possessing moderate radiation attenuation (HVL 1.0-3.5 cm) and compressive strength (27-40
MPa), are highly cost-effective and abundantly available.

Boron-containing aggregates exhibit variable densities (1500-2690 kg/m®) and high boron content (1.0-20.0 %), which is crucial
for neutron radiation shielding. However, their thermal conductivity is low (0.5-1.5 W/m-K), and costs can vary significantly. He-
matite aggregates stand out with their high density (4000-5300 kg/m?®), moderate radiation attenuation (HVL 0.5-2.5 cm), and high
compressive strength (20-150 MPa), making them highly suitable for robust shielding applications. Colemanite, characterized by
moderate density (2100-2400 kg/m?’) and high boron content (20.0-60.0 %), is effective for neutron shielding but is limited in
availability and has low thermal conductivity (0.5-1.5 W/m-K). Generally, the choice of aggregate is contingent upon specific project
requirements, necessitating a balance among factors such as density, radiation attenuation, cost, and availability to achieve optimal
performance in radiation shielding concrete. Finally, it is worth noting that there are several potential and sustainable aggregates for
use as heavy aggregates to enhance gamma ray attenuation, particularly steel slag [103,104].

4.1.1. Barite aggregates

Barite aggregate, primarily composed of barium sulfate (BaSOa), is valued in construction for its high density, making it an
excellent material for radiation shielding in medical and nuclear facilities [123,124]. Its density, typically around 3-4.5 g/cm?®, en-
hances the attenuation of gamma rays and X-rays [22,65,105-107]. Barite is also chemically inert, non-toxic, and relatively easy to
process, ensuring its stability and safety in various applications. It is commonly sourced from barite deposits found in countries such as
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Fig. 6. RSC with high compressive strength (Raw data adapted from Refs. [21,49,65,72,73,82-88]).
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Table 3
Detailed comparison of the various aggregates used in the production of RSC.
Property Barite Siderurgical Boron- Hematite Magnetite Colemanite
Containing
Density (kg/m>) High High Variable High High Moderate
3000-4500 3590-3760 1500-2690 4000-5300 3500-5200 2100-2400
Radiation Attenuation High Moderate Variable Moderate High Variable
(HVL, cm) 3.8-4.0 1.0-3.5 0.2-1.0 0.5-2.5 0.5-2.0 0.2-1.0
Boron Content, (%) Low Low High Low Low High
0.366-0.55 0.01-0.5 1.0-20.0 0.01-0.5 0.01-0.5 20.0-60.0
Cost Moderate Low Variable Moderate Moderate Moderate
Availability Abundant Abundant Moderate Abundant Abundant Limited
Thermal Conductivity, Moderate Moderate Low Moderate Moderate Low
(W/m-K) 1.0-3.0 1.0-3.5 0.5-1.5 2.0-4.0 2.0-4.0 0.5-1.5
Particle Shape Angular to Angular to Angular to Subangular to Angular to Subangular to
Subangular Subangular Rounded Subrounded Subangular Subrounded
Compressive Strength, Moderate Moderate High High High Moderate
MPa 20-36 27-40 10-100 20-150 20-150 5-50
Workability Moderate Moderate Moderate Good Good Good
Ref. [22,65,105-107] [108-110] [111-115] [116-118] [117,119] [120-122]

China, India, the United States, and Morocco [124-126]. These properties make barite aggregate a practical and effective choice for
high-density concrete used in radiation shielding and other specialized construction projects.

Barite concrete exhibits a similar modulus of elasticity and Poisson’s ratio as regular concrete, while certain studies have indicated
greater modulus of elasticity values for barite concrete than for normal concrete [127]. The use of barite aggregates has been asso-
ciated with a decrease in compressive strength and an increase in flexural strength [128]. Typically, using barite as a coarse aggregate
can increase the normal-weight concrete density to nearly 3500 kg/m?, while using magnetite can increase it to 5000 kg/m? [129]. The
increase in density achieved by high-density aggregates significantly enhances the radiation shielding properties of the concrete.

Research has revealed that barite concretes possess advantageous heat insulation properties, primarily due to their lower thermal
diffusivity compared to that of normal concretes [130]. Compared with silico-calcareous concrete, barite concrete exhibits superior
residual compressive strength at temperatures greater than 500 °C [130]. However, their strength remains much lower than that of
granite concrete [131]. An important problem associated with barite concrete is its susceptibility to spalling, namely, explosive
spalling, which can occur on the surface of concrete samples when they are heated at low rates of 1 °C/min and 4 °C/min [131,132].
The cracking observed at high temperatures is caused by the low toughness and heat resistance of barite aggregates [67]. Compared
with concrete containing barite aggregates, concrete with barite aggregates has demonstrated superior residual mechanical charac-
teristics at 400 °C. SEM images revealed the absence of cracks in samples containing magnetite aggregates at a temperature of 400 °C
[132]. These findings indicate that barite aggregates could be a stronger alternative for concrete subjected to moderate temperatures.

In terms of radiation-shielding characteristics, Barite/OPC concrete exhibits the lowest HVL values, namely at 0.66 MeV compared
to normal aggregate/GGBS/OPC, gravel/sand/OPC, normal sand/OPC combinations (Table 4). Regarding linear attenuation coeffi-
cient (LAC), Barite/OPC exhibits the highest values at 0.66 MeV, suggesting its excellent ability to attenuate radiation in a linear
manner. The Mass Attenuation Coefficient (MAC) values provided pertain exclusively to energy levels of 0.66 MeV and 1.33 MeV.
Among the tested materials, the composite of coarse barite and fine normal aggregates mixed with OPC exhibited the highest MAC
values, while the composite of normal sand and OPC exhibited the lowest MAC values. This suggests that the coarse barite/fine normal
aggregates composite is the most efficient in attenuating radiation at these specific energy levels, when considering the mass of the
material. It was reported that concrete with 100 % barite aggregate had higher photon radiation shielding [133]. As shown in Fig. 7,
the linear attenuation coefficient values of heavyweight concrete including 100 % barite (B100) are about 47 % and 70 % higher than
that of concrete including 100 % normal aggregate (N100) at 6 and 18 MV X-rays, respectively.

In summary, the previous research underscores the superior radiation-shielding capabilities of barite/OPC concrete, particularly at

Table 4
Comparison between Barite-based RSC and other aggregate in terms of radiation-shielding characteristics (data collected from Refs. [42,134-138]).
The energy level of ~ Barite/OPC Barite/OPC Aggregate/GGBS/ Coarse barite/fine normal Gravel/sand/ Normal sand/OPC
the radiation [134] [135] OPC [42] aggregates/OPC [136] OPC [137] [138]
HVL, 0.66 2.714 2.316 4.414 2.605 - -
MeV 1.33 - - 5.262 - -
1.50 - - - - 4.226 -
LAC, 0.66 0.255 0.299 0.157 0.266 - -
MeV 1.33 - 0.168 - 0.132 - -
1.50 - - - - 0.164 -
‘ MAC, 0.66 - - 0.084 - - 0.078
MeV 1.33 - - - - - 0.055
1.50 - - - - 0.071 -
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lower gamma-ray energy levels, due to its high linear and mass attenuation coefficients. However, the practical application of barite is
challenged by its fragility and propensity to produce dust, which requires meticulous handling during the mixing process to maintain
the integrity of the concrete composite.

4.1.2. Siderurgical aggregate

The incorporation of electric arc furnace (EAF) slag, a type of siderurgical aggregate (SA), into recycled concrete [264] and high-
performance self-compacting concrete (HPSCC) represents a promising yet underexplored avenue in the field of RSC [139,140]. While
the use of SA in RSC is gaining traction, existing research predominantly focuses on its behavior under gamma radiation, particularly
from cesium-137 sources [141]. This narrow focus reveals a significant gap in the literature, as the response of SA-incorporated
concrete to other forms of radiation, such as neutron exposure, remains inadequately understood [142].

The feasibility of using SA in concrete has been validated from both environmental and economic perspectives, yet the implications
for radiation shielding, especially in diverse radiation environments, require further scrutiny. Extensive research has been conducted
on the effects of the water-to-cement ratio on the mechanical properties of concrete, with findings indicating its critical role in
determining structural integrity and fracture resistance [143-145]. However, when examining the water-to-cement ratio’s influence
on radiation attenuation, particularly for cesium-137 and neutrons from an Americium-Beryllium source, the impact appears negli-
gible in limestone-based concrete [146]. This raises questions about the broader applicability of these findings across different con-
crete compositions and radiation types.

Further studies highlight the importance of the water-to-cement ratio, cement content, and the inclusion of air-entraining agents in
moderating gamma radiation, particularly at energies around 384 keV, suggesting that a lower water-to-cement ratio can effectively
reduce radiation transmission rates [47,110]. These findings, however, are limited by their focus on gamma radiation, leaving the
behavior of such concrete mixtures under neutron radiation less thoroughly investigated. The application of advanced predictive
techniques, such as artificial neural networks, to forecast the effectiveness of concrete in shielding thermal neutrons, indicates that
optimal shielding performance is achieved with a water-to-cement ratio of 0.38 and a cement content of 400 kg/m> when using a
Californium-252 source [147]. While these results are promising, they highlight the need for a more comprehensive understanding of
how these parameters interact across different types of radiation.

In terms of density impact, the ratio of transmitted to incident intensity is often represented as a function of mass thickness. Fig. 8
shows the mass thickness and neutron attenuation relationship for concretes with various type of aggregates, where the mixture
consisting of siderurgical aggregate concrete (SAC) shows better attenuation performance than the mixture consisting of magnetite
aggregate (MMC) [109]. This similarity is attributed to the balance between the high iron content and the density of magnetite ag-
gregates. It can be concluded that while concrete containing siderurgical aggregates offers moderate radiation shielding capabilities,
its effectiveness varies depending on the composition of the aggregate. Specifically, aggregates with a higher proportion of lighter
elements demonstrate improved neutron attenuation, whereas those rich in heavy atoms tend to be less efficient in this regard, but
more efficient gamma-ray attenuation. This highlights the importance of carefully selecting the aggregate composition to optimize the
shielding properties of siderurgical concrete.

4.1.3. Boron-containing aggregates

Obtaining and utilizing boron in its elemental form is difficult due to its lack of natural occurrence under pure conditions [148]. As
a result, numerous boron compounds, including diverse compositions and particle sizes, have been utilized as replacements for ag-
gregates in concrete mixes [149]. Nevertheless, there are some concerns relating to the negative effects of some boron compounds on
hydration characteristics. Specifically, borax and boric acid, which are recognized as boron compounds, impede the solidification
process of Portland cement, even when present in modest amounts [26,150]. The presence of various boron compounds, such as
colemanite, ulexite, borax, and boron carbide, also has a negative effect on the physical and mechanical characteristics of concrete
when they are incorporated as either large or small aggregates or in the form of powder [151].
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Fig. 8. Rate of neutron transmission with different siderurgical aggregates. (Adapted from Ref. [109]). LLC refers to limestone concrete as coarse and fine aggregate,
SLC refers to the concrete with coarse siderurgical aggregate and limestone fine aggregate, SSC refers to concrete mix with siderurgical aggregate as fine and coarse
aggregates and MMC refers to concrete mix with fine and coarse fractions of magnetite aggregates.

Isothermal calorimetry was used to study the effects of adding colemanite, ulexite, borax, and synthetic boron carbide as partial
sand replacements on the cement hydration kinetics, setting time, and mortar compressive strength at 3 and 28 days [152]. The results
verify that ulexite, borax, and colemanite, despite having low levels of boron, have negative impacts on the process of cement hy-
dration and setting time. These effects are shown to be associated with the presence of soluble minerals in the boron aggregates.
Nevertheless, mortars containing a maximum of 40 % synthetic Boron Carbide (B4C) powder, with particle sizes ranging from 90 to
125 pm, exhibited no delay in the setting process and a slight increase in the overall heat produced by the cement. The lack of soluble
minerals in the synthetic B4C powder, together with the absence of leaching tests or other mineral composition studies, was identified
as the cause of this conclusion [153]. The practical implementation of these discoveries may be restricted, given that the majority of
high-quality commercially accessible B4C powder comprises a minor proportion of soluble boron. Remarkably, the inclusion of 1-2 %
nanosilica, based on the weight of the cement, in colemanite and ulexite greatly accelerated the process of hydration and counteracted
the delay induced by soluble boron compounds [1,153]. For neutron shielding, replacing almost 22 % of limestone with boron carbide
was found to be sufficient for effective attenuation of polyenergetic neutrons [154].

Borosilicate glass, which consists of more than 80 % silica and can contain up to 15 % boron trioxide, is also renowned for its ability
to withstand sudden changes in temperature and is extensively utilized in several industries. The pozzolanic reactivity and neutron
shielding capabilities of borosilicate glass powder (BSGP), with an average particle size of 13 pm, were assessed because of its elevated
silica and boron content [155]. The maximal pozzolanic reactivity of the BSGP was nearly 55 %, which falls between the normal
reactivity of class F fly ash (about 30 %) and that of silica fume (almost 80 %). Several studies revealed that including 25 % BSGP as a
substitute for cement led to an 8 % increase in the compressive strength of the mortar. Furthermore, the mortar exhibited a 10-40 %
enhancement in neutron attenuation, which was dependent on the degree of BSGP replacement and the duration of curing [153].
Nevertheless, the mortar attenuation coefficient reached a point of stability when 25 % of the BSGP was used as a replacement. This
plateau was ascribed to a decrease in hydration and pozzolanic processes [153]. To address the conflicting impacts on the effectiveness
of shielding and the qualities of concrete in terms of setting and strength, Yadollahi [147] found that the use of colemanite in concrete
mixtures can effectively balance both thermal neutron shielding capabilities and compressive strength. In addition, the use of cole-
manite ore waste as a cost-effective agent to reduce shrinkage in concrete was demonstrated [156]. Nevertheless, it is crucial to
acknowledge that the majority of studies concerning shielding primarily examine the attributes of completely solidified concrete, such
as its strength, rather than the initial strength and related qualities of cement solidification.

4.1.4. Hematite aggregates

It has been shown that incorporating hematite into concrete improves its mechanical characteristics at a typical temperature of
25 °C [157]. A.M. Ibrahim et al. [158] found that the incorporation of hematite as a replacement for coarse aggregate in concrete
mixtures has resulted in increased hardened concrete density by 3.74 %, 7.70 %, and 11.84 % for replacement ratios of 10 %, 20 %, and
30 %, respectively, compared to the control mixture. The same study [158] demonstrated that replacing coarse aggregate with he-
matite by 10 %, 20 %, and 30 % increases compressive strength by 16.70 %, 38.55 %, and 41.21 %, respectively, compared to the
control mix with CEM III, and by 7.96 %, 18.58 %, and 31 % for concrete with CEM II. This enhancement can be attributed to the rough
surface texture of hematite and iron slag, which significantly improves the interfacial zone between the cement paste and coarse
aggregate, a critical factor in boosting compressive strength.

Similarly, Beaucour et al. [67], demonstrated that hematite concrete exhibits enhanced compressive, flexural, and tensile strength,
along with improved elasticity, following exposure to temperatures between 250 and 400 °C in comparison to traditional
silico-calcareous concrete. In contrast, Ibrahim et al. [158], found that replacing normal coarse aggregate with 10 % and 20 % hematite
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reduces the splitting tensile strength in concrete with CEM I by 14.1 % and 7.5 %, respectively, compared to the control mix. Similarly,
for concrete with CEM III, the hematite replacement decreases splitting tensile strength by 8.1 % and 12.67 %, respectively [158].
Similar findings were demonstrated by other studies [31,159].

Another concern when using hematite as a substitute for aggregate is the loss of mass and compressive strength in elevated
temperatures behind 400 °C. Fig. 9 shows the TGA/DTA analysis of concrete containing 10 %40 % of hematite aggregate (H10 - H40).
As shown in Fig. 9, the concrete with hematite showed higher loss of mass for compared to the compression sample (HO). Since the
hematite in the sample contained calcite (CaCOs3), as the replacement ratio increased, the mass loss of the sample also increased.
Generally, research on the impact of high temperature on hematite-based concrete is limited. In case of (UHPC), Azreen et al. [73],
found that the compressive strength of UHPC containing hematite was less than its counterparts containing silica sand, but it surpassed
that of barite. In terms of thermal conductivity, several previous revealed [158,160,161] that the hematite aggregate enhanced the
thermal conductivity value in the concrete mixes. This result can be attributed to the high density of hematite compared to normal
aggregate, which positively correlates with thermal conductivity.

In terms of radiational shielding properties, the majority of research revealed good improvement with hematite aggregate. For
example, compared with ordinary concrete, the p value of the hematite UHPC (at a 40 % replacement ratio) increased by 43 % and the
HVL thickness was reduced by 30 % [162]. Another study [158] found similar result with regular strength concrete, where the
replacing aggregate with hematite improved the linear attenuation coefficient by 11.42 % at 661.66 keV compared to the control mix.
Similar enhancements were observed at energies 1173.23 keV and 1332.5 keV, with approximately the same percentages of increase.
This improvement in shielding properties is likely due to the high density of the aggregates used as a replacement for coarse aggregate,
which makes up about 50 % of the concrete volume. Additionally, the atomic number of these aggregates helps to attenuate gamma
rays, reducing their penetration in concrete barriers [96,136,163]. Moreover, the HVL and TVL for 60Co and 137Cs for both binder
types were reduced by approximately 10.64 % and 8.50 %, respectively, when hematite and iron slag aggregates were used, compared
to the control mixture [158]. Fig. 10 illustrates a simulation of UHPC using Monte Carlo software for Dry Cask was performed to study
the radiation absorption capability of the mixes. H-UHPC with hematite aggregate) exhibits a higher potential to be used as a
gamma-ray shield because of its high density, comparable to that of barite (B-UHPC).

4.1.5. Magnetite aggregate

Magnetite aggregate, composed primarily of iron oxide (FesOa), is renowned for its high density, which makes it an ideal material
for radiation shielding and heavy concrete applications [53]. Tamayo et al. [109] found that magnetite aggregate is 80 % denser than
limestone and 20 % denser than siderurgical aggregate. Its magnetic properties and high iron content also contribute to its use in
specialized industrial applications. One of its preferable characteristics is its chemical stability which provides excellent durability
[164]. It is commonly sourced from mineral deposits in countries such as South Africa, Sweden, Australia, and the United States [165].
These properties make magnetite aggregate a valuable material for constructing radiation-shielding structures, ballast for offshore
pipelines, and other high-density concrete projects.

Research has delved into the gamma radiation shielding capabilities of concrete samples containing magnetite and limonite ores
[54]. Furthermore, numerous research projects have concentrated on analyzing the radiation protection properties of concrete,
investigating how various materials impact the mass attenuation coefficient for gamma rays and the macroscopic effective removal
cross-sections for fast neutrons.

[166]. Investigations into the shielding effectiveness of concrete against both neutrons and photons, with varying concentrations of
hematite, have revealed that incorporating hematite not only boosts gamma ray attenuation but also strengthens the concrete me-
chanically, without affecting neutron attenuation [31]. The results obtained for magnetite aggregate concretes showed that linear
attenuation coefficients decrease with increasing gamma energy and increase with increasing concrete density. Variation of linear
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Fig. 9. Thermogravimetric analysis results for the hematite UHPC containing 10 % (H10), 20 % (H20), 30 % (H30) and 40 % (H40) of hematite as aggregate re-
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12



A.M. Onaizi et al. Journal of Building Engineering 97 (2024) 110800

Cask with regular concrete, Log10(Sv/hr) Cask with barite concrete, Log10(Sv/hr)

. ﬁ
n |
50 100 150

15

100
=
100

50
N

Distance (cm)
50

N
Distance (cm)

=]

50 100 15

Distance (cm) Distance (cm)

Cask with hematite concrete, Log10(Sv/hr)

w
—

100

Distance (cm)
50

-2
0
‘ 2
4
8
0

50 100 15
Distance (cm)

Fig. 10. A 3D simulation of dry cask storage composed of an inner basket with 17 x 17 pressurized water reactors (PWR) fuel assembly, and different concrete
shield [73].

attenuation coefficient depending on gamma ray energy and concrete density has been well studied [101,167,168].

4.1.6. Colemanite aggregates

Colemanite is well acknowledged as a prominent candidate for use in diverse applications, principally owing to its ample acces-
sibility and the possible financial advantages of reusing colemanite ore waste from mining locations [169]. Furthermore, it is widely
employed in the production of boric acid [170]. As a result, some related research has focused on its use as an aggregate [147]. In the
nuclear industry, colemanite is a popular choice for creating radiation-shielding concrete prototypes [171] and has been proven to be
effective at reducing radiation transmission [172] and diminishing the medium- and long-term activation of concrete for radiation
emission [173]. When combined with high-density aggregates, concrete containing colemanite or other boron minerals has demon-
strated low radioactive permeability, effectively blocking both neutron and gamma radiation [32]. These materials have been suc-
cessfully utilized not only in heavy concrete biological shields for nuclear reactors and research labs [174] but also in neutron therapy
centers, including radiation oncology and radiology departments [174]. Furthermore, their exceptional radiation shielding properties
have proven to be effective in enhancing protection against Am-Be sources, which release both neutrons and gamma rays [175]. Using
colemanite concrete has been shown to be a simpler and more efficient solution than using gamma shields, such as lead blocks, in
combination with neutron-absorbing materials such as paraffin. In environments with high-energy gamma- and X-ray sources, the
lower atomic number of elements in colemanite concrete offers an advantage over lead shields, particularly in the regions of pair
production and Compton scattering [133].

Several studies have investigated the physical and mechanical characteristics of concrete containing different quantities of cole-
manite [151]. The combination of cement and colemanite waste is highly effective at providing protection against neutrons. A
shielding slab has been fabricated with a composite of epoxy resin and colemanite [175]. Furthermore, research had done to study the
y-ray and neutron blocking properties of concretes that include colemanite [176]. Concrete or mortar contains a mixture of many light
and heavy elements and therefore has good nuclear properties for the attenuation of photons and neutrons. To shield neutrons, light
elements (elements with low atom numbers) are needed. It is common practice to add boron to concrete to try to enhance the thermal
neutron attenuation properties and to suppress secondary y-ray generation.
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5. Alternatives and nanomaterials

5.1. Nanomaterials

In recent years, there has been growing interest among researchers in creating a new generation of solid shielding materials
enhanced with micro- or nanoparticle (NPs) additives [177,178]. NPs, particularly those smaller than 100 nm, are effective at filling
micropores within the RSC matrix, thus improving the strength and durability properties of concrete [57,179]. When present at lower
concentrations (up to 10 %), magnetite nanoparticles disperse evenly throughout the cement matrix, thereby strengthening it. This
distribution facilitates the process of filling the pores and intensifies the hydration reaction [93]. Nevertheless, when the concentration
of these nanoparticles increases, they tend to clump together, resulting in uneven dispersion and the formation of small pores [180]. It
has been reported that nanoparticles are effective at decreasing pore sizes, which in turn increases the interaction probability with
y-rays, leading to an improvement in the mass attenuation coefficient [18]. Several of those studies confirmed the relationship between
the lime/silica ratio in concrete specimens and gamma radiation absorption, as well as variations in the attenuation coefficient for
cement-based composites [181]. A similar study on high-performance concrete revealed the linear relationship between the
compressive strength of heavy concrete and y-ray attenuation [76]. However, no study has specifically focused on the impact of the
percentage of added materials on y-ray attenuation in concrete. Kim et al. [182] also showed that the use of tungsten nanoparticles
(nano-W) is more effective than the use of micro-W particles. In a separate study, Tekin et al. conducted a simulation including a
composite mixture of micro- and nanosized WO3 and BiyO3 particles with hematite-serpentine using the MCNPX code [183]. They
measured the mass attenuation coefficient across photon energy ranges of 0.142-0.133 MeV and found that the p/p ratios for
nanoparticles were greater than those for microparticles at all energy levels (Fig. 11) [183].

In addition, TiO,, known for its high dielectric loss factor as an n-type semiconductor, is frequently used in composite materials for
electromagnetic radiation shielding [184,185]. Spinel ferrites, such as MnFe;04, ZnFe;04, and CoFey0y, are widely used in various
applications, including data storage, magnetic resonance imaging, and electronic devices [186]. The magnetic properties of metal
oxide nanoparticles are influenced by their size, shape, and morphology [187]. Zinc ferrite, for example, with its significant surface
area, is effective as a catalyst in various chemical reactions and is particularly suitable for electromagnetic radiation shielding due to its
magnetic and electromagnetic properties, high resistance, high permeability, and chemical stability [188,189].

Carbon nanotubes (CNTs), formed by rolling graphite into cylindrical shapes, are renowned for their exceptional electrical con-
ductivity and effectiveness in shielding against electromagnetic radiation [190,191]. Research has shown that incorporating CNTs into
materials can significantly enhance their electromagnetic shielding capabilities, particularly at concentrations up to 2.0 %. For
instance, samples with 2.0 % CNTs achieved a shielding effectiveness of 41 dB at a frequency of 3.45 GHz, demonstrating substantial
protection within the 4.0 GHz frequency range [192].

Further studies have explored the integration of CNTs into concrete to enhance protection against electromagnetic frequencies,
particularly up to 1.12 GHz. When up to 3.0 % CNTs were incorporated into 15 cm thick concrete samples, the shielding capacity
improved markedly, with the concrete providing 50 dB of protection at 1.1 GHz, compared to just 10 dB for ordinary concrete [193]
This refer to the significant impact of CNT concentration on the electromagnetic shielding performance of concrete. The effectiveness
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Fig. 11. Comparison of the coefficients of mass attenuation of serpentine-hematite concrete among pure concrete and micro/nano-Bi;O3 particles (Adopted
from Ref. [183]).
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of a 3 cm thick wall made of reinforced concrete combined with a CNT composite was also assessed across a broader frequency range,
up to 8 GHz. The findings revealed that increasing the CNT content to 3.0 % enhanced the shielding effectiveness, with the highest
electrical conductivity observed at this concentration [194]. Additionally, increasing the thickness of the concrete composite con-
taining 3 % CNTs to 30 cm dramatically improved the shielding efficiency to 80 dB, far surpassing the protection offered by similarly
thick concrete without CNTs [195].

Similar improvements were observed when CNTs were integrated into mortar. Studies comparing the electromagnetic shielding
capabilities of mortar reinforced with multiwalled carbon nanotubes (MWCNTs) and steel fibers found that CNTs were more effective
in enhancing electrical conductivity than steel fibers [196]. Moreover, the impact of adding titanium dioxide and steel fibers to mortar
on its ability to reflect electromagnetic radiation up to 18 GHz was also examined. The results indicated that higher concentrations of
additives, especially titanium dioxide, significantly improved protection, outperforming the effects of carbon nanoparticles [197].
These findings confirm the potential of CNTs, particularly when used at optimal concentrations and in combination with other ma-
terials, to substantially improve the electromagnetic shielding properties of concrete and mortar across various frequency ranges.

5.2. Fibers

Several studies investigated the potential developing of RSC with steel fiber. Fig. 12 summarizes of their findings. As shown in
Fig. 12, the optimal LAC range for enhancing compressive strength does not necessarily coincide with the steel fiber content, high-
lighting the complex interplay between mix components and the resulting mechanical properties of concrete. Chiou et al. [198]
investigated the electromagnetic wave (EM) shielding capabilities of concrete by integrating short carbon fibers. Their findings showed
a significant improvement in EM reduction, with an increase from 0.5 dB in regular concrete to an astonishing 10.2 dB in EM shielding
concrete at a frequency of 1.5 GHz.

Yoo et al. [199], explored the impact of carbon fiber and its surface treatments on the mechanical properties and electromagnetic
shielding effectiveness of UHPC. Carbon fibers were treated with sodium hydroxide, nitric acid, and ammonia solutions, and compared
to plain carbon fiber at 0.1 and 0.3 wt% contents. The findings showed that nitric acid-treated carbon fibers, which had the highest
oxygen content, provided the best tensile performance and energy absorption. Electrical conductivity increased with higher fiber
content, and chemically treated fibers showed slightly better conductivity at 0.1 wt%. Both steel and carbon fibers enhanced elec-
tromagnetic shielding, with higher carbon fiber content yielding better results. The highest EM shielding effectiveness was 49.0 dB at 1
GHz with 0.1 wt% nitric acid-treated fibers, 23 % higher than plain fibers. Overall, shielding effectiveness increased with conductivity,
but the correlation was minor.

Similarly, Park et al. [200] showed that nitric acid-treated fibers provided the best tensile performance and highest shielding
effectiveness in high-performance fiber-reinforced cementitious composites (HPFRCC), achieving 49.0 dB at 1 GHz with 0.1 wt%
content. The electrical conductivity increased with fiber content, with treated fibers showing slightly better results at lower content. SE
was mainly influenced by the amount of carbon fibers, rather than conductivity. HPFRCC with as little as 0.2 vol% carbon fiber
achieved high SE (40 dB, 99.99 %) if fibers were well-dispersed, and maintained high compressive strength (101 MPa). Overall,
increasing carbon fiber content improved shielding properties, with the highest results achieved by treated fibers. Zorla et al. [78]
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Fig. 12. Impact of steel fiber on the flexural strength and LAC of the RSC (Raw data adapted from [21,65,72,73,83,88].
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compared the gamma and neutron attenuation properties of concrete reinforced with basalt fibers infused with natural and enriched
boron and barite aggregate. Their findings showed that Gamma-ray attenuation coefficients increased with concrete density but not
with the increased content of basalt-boron fiber and the HVL was strongly related to concrete density, with negligible effects from
basalt-boron fiber. Concrete with barite aggregate provided better gamma-ray shielding compared to that with basalt fibers due to low
concentration. However, basalt-boron fibers significantly improved shielding for fast fission spectrum neutrons.

6. Influence of irradiation on concrete performance

6.1. Mechanical properties

Most studies evaluating the mechanical properties of radiation shielding concrete have primarily focused on the impact of materials
used to mitigate radiation on enhancing or reducing mechanical performance. Most published studies compare the effect of various
additives on enhancing the concrete’s ability to shield against radiation with that of ordinary concrete. However, it is worth noting that
relatively few studies have been conducted to assess the impact of irradiation on the mechanical performance or properties of concrete
that has already been exposed to radiation. Understanding the effect of radiation on the mechanical properties of concrete is crucial, as
radiation exposure can significantly alter the material’s performance, potentially compromising its structural integrity over time.

Ichikawa and Koizumi [201], studied the impact of nuclear irradiation, including both neutrons and gamma-rays, on quartz in RSC.
The findings reported that crystalline quartz (a-quartz) with a specific gravity of approximately 2.65 transforms into distorted
amorphous quartz with a specific gravity of 2.27 when subjected to a fluence of 102° n/cm? for fast neutrons with energy levels
exceeding 0.1 MeV, as well as under a dose of 10'2 Gy for beta- and gamma-rays. Maruyama et al. [202] demonstrate that siliceous
aggregates undergo expansion as a result of neutron collisions. These collisions deform atomic alignments and leave a portion of the
energy from the neutron impacts as strain energy, leading to permanent distortion. Additionally, denser siliceous aggregates are more
susceptible to expansion when exposed to neutron irradiation.

The atomic structure of certain aggregates can transform from a crystalline structure to a distorted amorphous structure, resulting
in an increase in volume and a decrease in weight. This radiation-induced swelling of aggregates is believed to be directly linked to the
degradation of concrete’s mechanical properties [203]. The transformation of crystalline quartz into distorted quartz results in two
significant negative impacts: (i) microcracking due to differential volume changes within the composite and (ii) increased cracking
into the concrete matrix, exposing it to being penetrated by harmful ions [1,204,205]. Both of these effects are harmful to the
long-term durability of irradiated concrete. On the other hand, cement paste experiences shrinkage due to (i) the radiolysis process
under gamma radiation and (ii) the evaporation of pore water caused by radiation heat [1]. Consequently, the disparity in volumetric
changes between concrete components (expansion in aggregates and shrinkage in mortar) can cause damage at the interface between
these phases. The different shrinkage properties of aggregates and cement paste can lead to a reduction in concrete compressive
strength. The overall volume expansion of the composite compromises its tensile strength, which has been shown to decrease by an
average of 62 % and 47 % for flint and limestone aggregates, respectively, within the neutron fluence range of 2 x 10°-4 x 10'° n/cm?
[206]. According to Ref. [1], a neutron fluence of less than 10'° n/cm? does not result in volume increase of irradiated samples;
instead, within this range, the volume change is the expected shrinkage due to the temperature exposure of the specimens.

In this context, some studies have reported a reduction in the elastic modulus of concrete, attributing this to the combined effects of
neutron-induced damage and heat degradation [207]. However, since concrete is often subjected to constrained conditions, these
factors can lead to additional mechanical damage. However, some research reported that gamma radiation generally has not shown
significant effects effect on concrete properties, or either improve it in some cases. For example, some research reported excluding
radiogenic heating, gamma radiation generally has not shown significant effects on the elastic modulus or the compressive, tensile, or
flexural strength of cement products [202,208]. As well, the compressive strength decreased by roughly half at gamma dosages greater
than 1 GGy [209]. Soo and Milian [210], reported when radiogenic heating effects are controlled, gamma radiation has no effect on the
elastic modulus or the compressive, tensile, or flexural strengths of cement products.

6.2. Durability indicators

The transformation of crystalline quartz into deformed quartz under radiation has two significant negative impacts: microcracking
due to volume changes and increased reactivity to aggressive chemicals, such as calcium hydroxide, responsible for alkali-silica re-
actions (ASR) in concrete. These effects undermine the long-term performance of irradiated concrete [204]. Based on that, it could be
said that the durability of RSC subjected to irradiation can be influenced by two key factors: heating (elevated temperature) and the
chemical decomposition or reactions triggered by irradiation. Both factors play crucial role in RSC porosity and crack precogitation,
consequently effecting the durability. The impact is not necessarily negative in most cases. For example, some studies have notably
shown a decrease in concrete porosity when exposed to radiation [211], potentially enhancing its resistance to weathering phenomena
involving mass transfer [212]. In addition, it has been noted that concrete porosity decreases under irradiation [211,213], a change
that may improve durability against mass transfer weathering events such as carbonation, leaching, sulfate assault, chloride intrusion,
alkali-silica reaction, and acid corrosion [212]. This decrease in porosity is hypothesized to be caused by gamma radiation, which
promotes the development of aragonite and vaterite instead of calcite during the carbonation process [214].

Relevant studies indicate that gamma radiation refines the pore structure of concrete and reduces the total porosity by around half
[211]. This reduction is expected to improve the resistance of concrete to various mass transfer processes by decreasing its perme-
ability and diffusivity [215]. Semiquantitative observation revealed a decrease in the Ca(OH), concentration and a rise in the CaCOs3
content, which was attributed to gamma radiation accelerating carbonation [208,214]. However, gamma radiation may not signifi-
cantly accelerate carbonation in high relative humidity situations (about 100 %) and may actually slow carbonation in low humidity
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situations (around 50 %). Radiation appears to preferentially generate vaterite and aragonite CaCOs variants over nonirradiated
materials. Because vaterite and aragonite are less dense than calcite, this change in carbonate mineral composition may have
contributed to the observed decrease in concrete porosity [216].

In terms of influence of heating on RSC, the relevant studies, for instance, indicated that barite concrete experiences a reduction in p
by 12.5 % at 450 °C and 6.4 % at 800 °C, attributed to the expansion of the barite aggregate, leading to cracking and spalling [49,84].
In comparison, magnetite RSC shows a smaller decrease in p, with reductions of 0.8 % at 600 °C and 3.7 % at 800 °C, likely due to its
lower coefficient of thermal expansion [49,92]. Hematite RSC experiences a 6.6 % reduction in p at 500 °C, whereas serpentine and
dolomite RSCs exhibit greater losses of 9.4 % and 13.1 %, respectively, under the same conditions. These reductions are linked to the
loss of bonded water, de-hydroxylation and transformation, and the combustion of organic compounds in RSC components, which
degrade the material’s density and radiation shielding capacity [84,206,217]. The reduction in neutron attenuation is also notable,
with coarse barite RSC showing up to a 30 % loss in neutron attenuation (3_R(E,)) after exposure to 600 °C, primarily due to hydrogen
depletion as water evaporates from the material [82]. This issue is compounded in goethite RSC, which records a 35.3 % reduction in
> R(Ey) after exposure to 450 °C, the most significant loss observed, due to the material’s substantial weight loss and hydrogen content
reduction [84].

Moreover, the difference in temperature between the surface near the radiation source and the cooler outer surface, as seen in dry
cask storage (Fig. 13), can exacerbate cracking through a mechanism similar to that of to that of freeze-thaw cycling. Furthermore,
creep may influence the progression of this harm by delaying the appearance of any observable degradation. Briefly, the combination
of neutron radiation and high temperatures might induce severe deterioration in concrete utilized as a shielding material, potentially
leading to a significant increase in the neutron flux within the concrete. This increase in the neutron flux tends to worsen over time,
especially in concrete near the radiation source. Therefore, evaluating the freeze-thaw resistance of RSC is also crucial, particularly in
terms of its residual p after exposure to freeze-thaw cycles. Studies have shown that barite RSC experiences a 25-39 % reduction in p
after 50 freeze-thaw cycles when exposed to a Co-60 source with an average energy of 1.25 MeV. This performance is comparable to
natural aggregate concrete, which exhibits a 25-43 % reduction in p under similar conditions, with the highest residual p recorded at
0.1 cm—1 for barite concrete and 0.07 cm—1 for natural aggregate concrete [218].

The study [218] further suggests that a higher water-to-cement ratio can mitigate the adverse effects of freeze-thaw cycles on the p
value, as samples with a higher ratio show a lower reduction in p. The rationale is that a higher water-to-cement ratio increases the free
water content in the capillaries and porosity of concrete, which, when frozen, expands and creates internal hydraulic pressure. This
pressure, if not dissipated, can exceed the tensile strength of the concrete paste, leading to crack formation. However, the increased
porosity in high water-to-cement ratio concrete allows for better dissipation of this pressure, thereby reducing crack formation and
maintaining the concrete’s shielding properties [219]. Freeze-thaw cycles can damage the microstructure of concrete, potentially
compromising its radiation shielding capability. The linear attenuation coefficient, which measures the likelihood of radiation
interaction per unit path length, is influenced by factors such as atomic number, incident photon energy, and material density [220].
Numerous studies have explored the linear attenuation coefficients of different concretes. For example, one study calculated these
coefficients for concretes with densities over a photon energy range from 10 keV to 1 GeV [137,221], while another examined four
grades of concrete within the same photon energy range [222]. Despite the extensive research on concrete, including the effects of
freeze-thaw cycles on the mechanical properties of rocks [218,223,224], there remains a significant gap in understanding the impact
of freeze-thaw cycles on the radiation shielding characteristics of concrete, highlighting the need for further investigation.
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Fig. 13. Environmental conditions and cycles affecting concrete dry casks (Adapted from Ref. [216]).
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Research on the chemical attack resistance of RSC is limited. One study on barite RSC revealed a reduction in shielding properties
after immersion in sodium sulfate and sodium hydroxide. Specifically, barite RSC retained only about 17 % of its original p value after
six months in sodium hydroxide, with a p value of 0.35 cm_; at 662 keV from a Cs-137 source. Sodium sulfate had an even more
significant adverse effect, reducing the j value by 28.6 % to about 0.25 cm ™! [127]. The study suggests that chemical exposure can
severely degrade RSC, especially when the concrete is produced with a high water-to-cement ratio, such as 0.5, leading to increased
porosity and vulnerability to chemical attacks [127]. The expansion and increased permeability in RSC due to sulfate attacks, caused
by gypsum formation at the interfacial transition zone, further contribute to crack formation and the consequent reduction in shielding
properties [225,226].

Another study found that immersion in sodium sulfate for 90 days resulted in a 20.5 % reduction in compressive strength and a
59.5 % reduction in flexural strength of the RSC mortar [227]. Additionally, replacing 50 % of the sand with eggshells led to even
greater reductions, with compressive and flexural strengths decreasing by 51.8 % and 10.5 %, respectively. The higher susceptibility of
eggshells to sulfate attack, as indicated by a mass loss of 25.7 % compared to 6.3 % for sand mortar, explains these larger reductions.
However, the eggshell replacement mixture reported a higher p value of 3.66 cm™! compared to 1.49 cm™! for sand RSC, based on
low-energy Am-241 exposure at 26 keV [227]. This suggests that while RSC with higher porosity or reactive materials is more sus-
ceptible to chemical attacks, it may still offer enhanced radiation shielding under certain conditions.

Experimental studies on concrete under gamma irradiation suggest that interactions with radiation reduce both the porosity and
strength of the material. The mechanism involves a series of chemical reactions, starting with the radiolysis of water and leading to the
formation of CaCOs. Calcite crystallization in the porous structure causes the destruction of tobermorite gel, a key component
responsible for concrete strength, through crystallization pressure [227]. Recent research supports this radiolytic process, showing
that gamma radiation leads to the amorphization and disintegration of cement hydrates. Scanning electron microscopy and X-ray
diffraction techniques have revealed bubbles, likely from chemically bound water separation, and various fractures in the cementitious
matrix post-irradiation [228].

6.3. Micro properties

Gamma photon and gamma ray exposure significantly impact the properties and microstructure of cement paste and hydrates. The
absorption of gamma photons causes a rise in temperature within the concrete, particularly in environments such as dry casks where
the maximum expected temperature can reach approximately 200 °C under worst-case conditions. This temperature distribution varies
over time and space, with surfaces closest to spent fuel experiencing the highest temperatures initially, which then decline as the fuel
rods decay [216]. Prior studies have noted microstructural changes such as alterations in carbonate speciation linked to reductions in
bulk porosity at these radiation levels.

The majority of research on concrete degradation in nuclear settings has concentrated on neutron effects, which are the primary
cause of damage in nuclear reactors [229]. However, this does not reflect the situation in dry cask storage [216]. In this scenario, the
nuclear source is encased in neutron poison, which substantially mitigates the detrimental effects of neutrons and enhances the
prominence of gamma radiation [230]. Radiogenic heating has been investigated as the principal effect of gamma radiation on
cementitious products [216], where it was found that this process has detrimental effects on the mechanical properties, mass, and
dimensional stability of the products, much like conventional heating [231]. Numerous hypotheses have been proposed regarding the
manner in which photons interact with the solid structure of concrete. These include the displacement of atoms within the cemen-
titious phases [84], the disruption of covalent bonds [232], the radiolysis of water [208], the dehydration of cement hydrates [233],
and the expansion of aggregates [234].

Cement paste

Aggregate

Fig. 14. Developed stress and cracking of concrete induced by heating. a) stresses acting on the ITZ due to differential dehydration shrinkage of the cement paste and
thermal expansion of the aggregate, and b) thermal cracking (detailed by Ref. [236] and improved by Ref. [216]).

18



A.M. Onaizi et al. Journal of Building Engineering 97 (2024) 110800

The elevated temperatures lead to thermal effects on concrete, similar to those observed in fire spalling studies [216,235]. As the
temperature increases, water within the concrete’s pores and cement hydrates is lost. Specific dehydration processes include the loss of
ettringite at 120 °C, progressive dehydration of calcium silicate hydrate (C-S-H) from 120 °C to 800 °C, and dehydration of Ca(OH),
between 400 and 530 °C [216,235]. These thermal processes induce microstructural stresses and cracks due to the contrasting be-
haviors of dehydration shrinkage in the cement paste and thermal expansion of aggregates, ultimately reducing the concrete’s strength
and modulus of elasticity (Fig. 14). These changes occur rapidly, within minutes to hours, and are largely irreversible [216]. Gamma
photons also induce several interactions within cement hydrates at the atomic level: dislocation of atoms, breaking and subsequent
cross-linking of chemical bonds, hydrolysis of water leading to reactive species formation, and dehydration of chemically bound water
due to thermal energy as shown in Fig. 15. These interactions collectively modify the microstructure of cement hydrates, contributing
to the degradation of mechanical properties and overall durability of the concrete.

Reportedly, gamma irradiation can cause structural flaws in nano-SiO,, resulting in a expansion in its particle size [237]. This
modification results in a highly reactive and efficient concrete additive. Notably, adding just 1 % (by mass) of nano-SiO, irradiated to a
level of 100 kGy resulted in more than doubling of the concrete compressive strength. This improvement is consistent with comparable
findings in other studies [215]. Gamma rays, a type of ionizing radiation, are hypothesized to disrupt covalent bonds inside cement
hydrates, resulting in the formation of radicals [232]. This process may aid in the cross-linking of C-S-H (calcium silicate hydrate)
polymers, potentially leading to embrittlement of the overall structure of the concrete [238]. The use of silica nanoparticles as ad-
ditives to increase the mechanical and durability properties of concrete, particularly at low and high temperatures, has been exten-
sively researched [239]. It is hypothesized that gamma radiation in the 10-150 kGy range can cause flaws in the solid structure of
nano-SiOs,, similar to what has been observed in Si-containing aggregates [237]. Overall, it is thought that irradiating nano-SiO, may
boost its reactivity, enhancing its favorable impact on concrete characteristics [221].

6.4. Alkali-silica reactions

Although not directly related to the alkali-silica reaction (ASR), irradiation can induce a series of chemical reactions that reduce the
concrete pore space, decreasing the ability of concrete to absorb pre-expansion ASR gel [211]. It has been reported that the ASR in
concrete is initiated by a precise sequence of reactions [240]. First, hydroxide ions in the alkaline solution inside the tiny pores of the
concrete react with the silicon dioxide present in the aggregates [237]. This reaction induces the rupture of Si—O bonds, resulting in the
expansion of the aggregates as a consequence of this sequence of reactions [1]. As a result of this hydrolysis, OH™ ions are consumed,

Baseline Dislocation Bond breaking Radiolysis Dehydration
of water
3 3 0 i 0 0 ‘ KK 3 o 5} X 0 ) R ) [5)
@ | %t s A s s, o e N
® [979 ¢0 ¢9 90 99 ¢ Q79 ¢ 9 970 ¢ 9 979 99
g G G G G Ca G Ga Ca Ca G Ca Ca € Ca G Ca Ga Gy Ca Ca G G G Ca
= OH OH O 0 OH OH 3k OH MO 0O OH OH O O on NG, O onN 0 0
- oH OH S . OH OW "\ /" oH oM S OH OH S - ou. ;o S~ ||H oviy F R~
3 G é o = Ca (‘a'_,) 5i-0f /O = o PAR 2 éa C{vr /Y OH Ca ([a"' O/ o e}
2 i Si O/ \(‘lH ()’S.\C‘/ \Oh
a N s »
o S - S -
s NV & S FIF RS '6,":\-\.;#
v * g0 Swxid M g-g g0 °r.n‘¢
o e CRIEEERE O
% » o0 S\ oA LE o\»
() - & L ) [N
zZ ’lt.l’. () ‘go * A :il:. °'2°A‘lll
. i « Embrittlement .
Possible - Carbonation + Mass loss
o decrease in - Depassivation  « Shrinkage
s pore size, of steel « Loss of
2 apparent - Reduced strength,
5 porosity porosity stiffness
o
£ - Increased
8 strength,
) stiffness
§ - Shrinkage,
cracking
« Dehydration
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Fig. 16. SEM image of the plagioclase surface after repeated measurements with SEM and electron backscatter diffraction patterns (Adopted from Ref. [240]).

prompting the dissolution of Ca" ions into the solution [241]. These calcium ions then react with hydrated SiO, gels (known as ASR
gels) to form calcium silicate [211]. Typically, rigid shells of calcium silicate form on the surface of aggregates as a byproduct of this
reaction. Despite the presence of these shells, the alkaline solution can still penetrate the aggregates and dissolve SiO3 groups [242].
The rigidity of the calcium silicate shells prevents the aggregates from deforming, leading to the buildup of expansion pressure as the
solution penetrates [234]. This pressure is confined by the silicate shells, eventually causing cracks and resulting in the final expansion
of the aggregates. Fig. 16 displays an SEM image of a crystal surface prior to being exposed to 30 keV electron beam irradiation. The
image exhibits a well-defined square located at the center, which corresponds to the region that was consistently examined utilizing a
20 keV electron beam [240]. The cavities in this square were created as a result of extended exposure to concentrated electron beams
during electron backscatter diffraction pattern analysis [240,243]. The absence of a diffraction pattern even from the fresh surface
suggested that the crystal surface was easily amorphized by the electron beam.

This amorphization results in an increase in density, which explains why repeated SEM imaging caused subsidence of the observed
region. Interestingly, this rapid amorphization was not noted in crystalline quartz, indicating that plagioclase is more susceptible to
nuclear radiation [240]. Lattice faults in SiO2 minerals generated by neutron irradiation and aggregate cracks accelerate the ASR in
concrete [237]. Research shows that nuclear radiation greatly increases the alkali reactivity of silica-rich aggregates [86]. The SiO4
content in aggregates correlates with decreased nuclear radiation resistance, strongly accelerating the ASR and causing concrete
deterioration. Studies reveal that nuclear irradiation changes the expansion potential of ASR-affected aggregates [213]. The stiffness of
the ASR gel affects the free expansion capability of the aggregate and the degree of ASR-related damage. The rigidity of the ASR gel is
crucial to this procedure. Soft, low-stiff ASR gel can spread into porous cement paste. Cracking is less likely in such cases due to low
swelling pressure [244]. Thus, even a large ASR gel may not damage or cause cracking of the concrete structure [245]. However, even
small amounts of stiff ASR gel can cause damage [246]. The ASR gel stiffness depends on its chemical composition, particularly the
Nay0/SiO, ratio.

The literature on ASR revealed that radiation has a minimal influence on concrete degradation in the first 40 years of operation in a
nuclear power plant [244]. However, extending the structural life of such plants beyond 60-100 years may be useful; however, the
existing data are insufficient to completely support these concerns [1]. This issue is especially significant for Seabrook, the first U.S.
nuclear plant whose operating license was renewed from 2030 to 2050, which could suffer from ASR. The site has become a focal point
for developing an aging management program for older nuclear plants. This initiative highlights the risk of overrelying on surface
crack observation and structural component testing while advocating for the development of reliable finite element method-based
simulations for long-term structural assessments. In addition to ASR, the aging-related deterioration of concrete materials and com-
ponents is a high-priority damage source that could affect nuclear plant concrete containment in the long term [247]. Thus, all of these
possible challenges must be identified for the future management and safety of aging nuclear power facilities, emphasizing the ne-
cessity for continued research and enhanced evaluation procedures.

7. Conclusions and future challenges of RSC

The increasing reliance on nuclear energy and medical radiation technologies has heightened the need for advanced radiation
protection solutions. This review provides a comprehensive overview of the developments in concrete materials specifically designed
for radiation shielding, highlighting the remaining challenges in the field. The key findings of this review confirm the significant
progress has been made in enhancing the shielding capabilities of concrete through the use of dense aggregates, nanoscale fillers, and
innovative additives. These materials have demonstrated effectiveness in blocking various types of radiation, making RSC a superior
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alternative to traditional shielding materials like lead. RSC offers exceptional shielding properties, cost-effectiveness, and the ability to
be tailored for specific applications. However, several critical areas require further research and development to ensure that RSC meets
future demands and remains a viable long-term solution. Key areas requiring further research can be summarized as following:

J

< The stability of hematite-containing concrete at elevated temperatures requires further exploration.

< While the relationship between concrete density, heavyweight aggregates, and radiation shielding is well-studied, there is a lack of
research on how the percentage of added materials affects y-ray attenuation in concrete.

< More research is needed on how photons interact with concrete’s microstructural phases, including atom displacement, covalent
bond disruption, water radiolysis, cement hydrate dehydration, and aggregate expansion.

< Chemically pre-treated fibers offer potential for improving concrete’s neutron shielding properties, representing a promising
research area.

% Investigating the durability and performance of RSCs under extreme conditions, such as high temperatures, moisture, and radiation
exposure, is crucial.

% Research on the combined shielding protection provided by nanoparticles against gamma and neutron radiation in RSC is limited

and requires further exploration.

Research on the use of supplementary cementitious materials in RSC production is scarce, indicating a significant gap in the

literature.

< There is a need for more studies assessing the impact of irradiation on the mechanical performance and properties of concrete after
exposure, as current research predominantly focuses on comparing the effectiveness of additives in enhancing radiation shielding.

< A comprehensive analysis of the complete lifecycle of RSCs—from raw material extraction to disposal—focusing on environmental

and cost impacts, is necessary to ensure sustainability.
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