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Abstract

This review paper provides a comprehensive analysis of radiation shielding

concrete, covering its properties, design, evaluation, and applications. It begins

with an introduction, stating the objective and scope. The paper explores radia-

tion shielding basics, including ionizing radiation, shielding principles, and

materials used for shielding. Concrete's properties relevant to shielding, radia-

tion attenuation mechanisms, and factors affecting its efficiency are discussed.

Different types of radiation shielding concrete are examined, along with their

applications. The design and formulation of shielding concrete, including mix

proportions, optimization techniques, and quality control, are presented. Eval-

uation methods and standards are discussed. Lastly, challenges, future direc-

tions, and emerging technologies are outlined. This review paper serves as a

valuable resource for professionals involved in radiation shielding. The review

on radiation shielding concrete highlighted its effectiveness in attenuating ion-

izing radiation, emphasizing material composition, density, and thickness as

key design factors. Evaluation methods, such as gamma spectroscopy and

Monte Carlo simulations, are discussed, demonstrating its versatile applica-

tions in nuclear facilities, healthcare, and space exploration.
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1 | INTRODUCTION

Ionizing radiation poses significant risks to human health
and the environment. In industries such as nuclear
power, medicine, and industrial radiography, exposure to
ionizing radiation is a common occurrence. Conse-
quently, ensuring effective radiation shielding is essential
to protect individuals, equipment, and the surrounding
environment from the harmful effects of radiation. One
prominent material used for radiation shielding is

concrete. Concrete offers numerous advantages, includ-
ing availability, cost-effectiveness, and ease of construc-
tion.1 It is a composite material composed of cement,
aggregates (such as sand and gravel), and water, which
can be molded into various shapes and sizes. These quali-
ties make concrete a versatile choice for creating shield-
ing barriers and structures in radiation-prone areas.

The use of concrete as a radiation shielding material
dates back several decades. Early applications of radia-
tion shielding concrete were primarily focused on nuclear
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power plants, where shielding structures were required to
contain radiation and prevent its leakage into the surround-
ing environment.2 Concrete was found to be an effective
attenuator of ionizing radiation due to its high density and
composition, which facilitates the absorption and scattering
of radiation particles.3 As the demand for radiation shield-
ing materials expanded beyond nuclear power plants, con-
crete's applications extended to other fields. In the medical
sector, concrete is widely used in radiotherapy facilities,
where shielding walls and rooms protect patients, medical
personnel, and the public from the radiation emitted by
treatment equipment.4–6 Industrial radiography facilities
also utilize concrete shielding to prevent radiation exposure
during non-destructive testing procedures.7,8 Moreover,
concrete plays a crucial role in the safe storage and disposal
of nuclear waste. Specialized concrete formulations, such as
borated concrete, are employed to create containers and
casks that can safely house radioactive materials for long
periods, minimizing the risk of radiation leakage and envi-
ronmental contamination Kurudirek et al.171

The effectiveness of radiation shielding concrete is
influenced by several factors. Concrete's density, thick-
ness, and composition play a significant role in its ability
to attenuate different types of radiation.9 Higher-density
concrete offers greater shielding capability due to its
increased mass per unit volume, resulting in enhanced
radiation absorption and scattering. The thickness of the
concrete barrier also affects the attenuation of radiation,
with thicker walls providing stronger shielding. To
enhance the shielding properties of concrete, the selec-
tion of suitable aggregates and the incorporation of addi-
tives and admixtures are important considerations.10

Aggregates with higher atomic numbers, such as magne-
tite or barite, can effectively attenuate radiation due to
their increased density and higher capacity for absorbing
radiation particles. Additives and admixtures, such as
boron compounds or polymer fibers, can further improve
the shielding efficiency of concrete by enhancing its radi-
ation absorption and scattering properties.

Ongoing research and development efforts in the field
of radiation shielding concrete focus on optimizing the
composition and design to achieve superior shielding effi-
ciency while considering other engineering requirements,
such as structural integrity and durability. This includes
exploring innovative combinations of materials, refining
mix proportions, and utilizing advanced techniques for
quality control and testing. The goal is to develop radia-
tion shielding concrete that provides optimal protection
against ionizing radiation while ensuring the durability
and longevity of the structures.

Radiation shielding concrete is crucial for safeguarding
human health and safety from ionizing radiation in various
environments. It is essential in nuclear power plants, medi-
cal facilities, and space missions where radiation exposure

poses significant risks. By effectively attenuating radiation,
this concrete protects workers, patients, and the public from
harmful effects like cancer and radiation sickness. Its signif-
icance also extends to managing radioactive waste and
ensuring safe environments in research and industrial
applications. The development of advanced radiation
shielding concrete is vital for enhancing safety standards
and mitigating the risks associated with radiation exposure.

Radiation shielding concrete has evolved significantly
since its early use in the mid-20th century, driven by the
growth of nuclear energy and medical radiology. Initially,
standard concrete was modified with dense aggregates like
barites to enhance its shielding properties. Over time, the
development of specialized concretes incorporating heavy
metals and innovative composites emerged to meet
increasing safety demands. Recent trends focus on improv-
ing material performance, such as using nano-additives
and polymers, and addressing the specific needs of emerg-
ing applications like space exploration and advanced med-
ical facilities. The emphasis is now on creating more
efficient, durable, and cost-effective shielding solutions.

A comprehensive review of radiation shielding con-
crete is necessary to consolidate existing knowledge, iden-
tify research gaps, and provide guidance for practical
applications (Figure 1). This review paper aims to delve
into the properties of concrete relevant to shielding,
explore radiation attenuation mechanisms within con-
crete, examine the different types of radiation shielding
concrete, discuss the design and formulation consider-
ations, evaluate effectiveness assessment methods, and
highlight the diverse applications of radiation shielding
concrete in various industries. The paper has limitations to
consider. Firstly, due to the broad scope of the topic, it
may not cover all aspects of radiation shielding concrete in
extensive detail, potentially overlooking specific subtopics
or recent developments. Secondly, reliance on English lan-
guage sources may exclude relevant studies published in
other languages or behind paywalls. Additionally, subjec-
tive judgments in interpreting research findings and select-
ing studies may introduce biases. Lastly, the evolving
nature of the field means that new materials and tech-
niques may have emerged after the paper's publication,
potentially rendering some information outdated.

2 | RADIATION SHIELDING
BASICS

Radiation shielding basics involve understanding the
principles of protecting against ionizing radiation. Ioniz-
ing radiation, which includes alpha particles, beta parti-
cles, gamma rays, x-rays, and neutrons, can pose health
risks. Effective shielding involves using materials and
techniques to reduce the intensity and dose rate of
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radiation. Shielding materials with high density and
atomic number, such as lead, concrete, and steel, are
commonly used due to their ability to attenuate radia-
tion. The effectiveness of shielding depends on factors
like density, thickness, and composition. Understanding
these basics is crucial for designing and implementing
radiation protection strategies in various fields, including
nuclear power, medical applications, industrial radiogra-
phy, and research involving radioactive materials.

2.1 | Ionizing radiation

Ionizing radiation refers to a form of radiation that
carries sufficient energy to remove tightly bound elec-
trons from atoms or molecules, resulting in the creation
of ions.11,12 This process occurs when high-energy parti-
cles or electromagnetic waves interact with matter, caus-
ing the ejection of electrons and the formation of charged
particles. Common types of ionizing radiation include
alpha particles, beta particles, gamma rays, x-rays, and
neutrons. What sets ionizing radiation apart is its ability
to penetrate matter and cause damage to living tis-
sues.13,14 When ionizing radiation passes through biologi-
cal material, it can interact with atoms and molecules,
leading to ionization and the disruption of cellular struc-
tures. This can result in DNA damage, cell mutations,
and an increased risk of cancer development.15

Given the potential risks associated with ionizing
radiation, it is essential to understand its principles and
take appropriate measures to protect individuals and the

environment. Various industries and sectors, including
nuclear power plants, medical facilities, industrial appli-
cations, and research laboratories, handle ionizing radia-
tion in their operations.16 To ensure safety, radiation
safety protocols are implemented, which may include
shielding materials and structures, monitoring equip-
ment, and adherence to regulatory guidelines. These
measures are crucial for minimizing exposure and miti-
gating the potential harmful effects of ionizing radiation
on human health and the environment.

Shielding is a critical component of radiation safety,
aimed at reducing the intensity and dose rate of ionizing
radiation through the use of appropriate materials and
barriers. The selection of shielding materials is based on
their ability to effectively attenuate or absorb the radia-
tion.17,18 The effectiveness of shielding is influenced by
factors such as the density, atomic number, and thickness
of the material.19,20 Different types of ionizing radiation
exhibit varying penetration capabilities and require spe-
cific shielding approaches.21–23 For example, alpha parti-
cles can be effectively stopped by a sheet of paper or a
few centimeters of air, while gamma rays and x-rays
necessitate denser materials like lead or concrete for effi-
cient attenuation.

Advancements in radiation detection and monitoring
technologies have significantly improved the ability to
measure ionizing radiation levels accurately. This facili-
tates better assessment and control of exposure risks,
enabling the implementation of appropriate shielding
measures and ensuring the safety of individuals and the
environment. By understanding the principles of

FIGURE 1 Radiation shielding concrete factors and application in nuclear industry.
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shielding and utilizing suitable materials, the harmful
effects of ionizing radiation can be effectively minimized
in various applications, ranging from medical facilities to
industrial settings. Understanding the characteristics and
risks associated with ionizing radiation is essential for
ensuring the safety of workers, the public, and the envi-
ronment in settings where radiation sources are present.
Adherence to proper radiation safety protocols and regu-
lations, along with continuous research and technological
advancements, contribute to effective management and
mitigation of the hazards posed by ionizing radiation.

2.2 | Radiation shielding principles

Radiation shielding principles are the fundamental
concepts and strategies employed to protect against
ionizing radiation. There are seven principles that
impact the shielding performance of the radiation con-
tainment facilities, as presented in Figure 2. Shielding
is essential to minimize radiation exposure and ensure
the safety of individuals working in radiation-prone
environments.

1. Attenuation: Radiation shielding principles aim to
attenuate or reduce the intensity of ionizing radiation
as it passes through shielding materials. This is
achieved through various mechanisms such as absorp-
tion, in which the radiation energy is absorbed by the
shielding material, and scattering, where the radiation
particles change direction after interacting with the
shielding material. The choice of shielding material
depends on its ability to interact with the specific type
of radiation to be attenuated.24,25

2. Density: The density of a shielding material plays a
crucial role in its effectiveness. Higher-density mate-
rials have more particles per unit volume, which
increases the likelihood of radiation interactions.26 As
a result, denser materials tend to provide greater
attenuation. Lead, for example, is commonly used in

shielding applications due to its high density and
effective attenuation of gamma rays and x-rays.

3. Thickness: The thickness of a shielding material
directly affects its ability to attenuate radiation.27,28 As
radiation passes through a shielding material, interac-
tions occur, leading to a reduction in radiation inten-
sity. Increasing the thickness of the shielding material
provides more opportunities for these interactions,
resulting in greater attenuation.29 Thicker shielding
materials are typically required for higher energy or
more penetrating radiation.

4. Atomic number: The atomic number of a shielding
material refers to the number of protons in its atomic
nucleus. Materials with higher atomic numbers have
more electrons available for interaction with incom-
ing radiation.30,31 This increased electron density
enhances the likelihood of interactions, leading to
greater attenuation. For example, materials such as
lead and tungsten with higher atomic numbers are
effective in attenuating gamma rays and x-rays.

5. Distance: The distance between a radiation source
and an individual significantly affects radiation expo-
sure. According to the inverse square law, radiation
intensity diminishes as the distance from the source
increases.32 Doubling the distance from a point
source of radiation reduces the intensity by a factor of
four. Increasing the distance is an effective way to
reduce exposure, and maintaining a safe distance from
radiation sources is a key principle in radiation
safety.33

6. Design and geometry: The design and geometry of
shielding structures play a crucial role in ensuring
effective radiation attenuation. Shielding barriers are
designed to prevent radiation leakage and minimize
the scattered radiation in the surrounding environ-
ment.34,35 This involves considerations such as the
thickness and placement of shielding materials,
the arrangement of shielding layers, and the use of
structural features to optimize attenuation and pre-
vent radiation pathways.

FIGURE 2 Radiation shielding principles for materials in structures.
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7. Multiple shielding layers: In some cases, multiple
layers of different shielding materials may be used to
optimize attenuation for different types of radiation.36

This approach takes advantage of the unique proper-
ties of each material to achieve more effective shield-
ing. For example, a combination of lead and concrete
layers can be employed to attenuate gamma rays, with
the lead layer absorbing and the concrete layer scat-
tering the radiation.

Understanding these radiation shielding principles is
crucial for designing effective shielding strategies in vari-
ous applications, such as nuclear power plants, medical
facilities, industrial radiography, and research laborato-
ries. By appropriately selecting shielding materials, opti-
mizing thickness and density, considering geometry and
design factors, and applying multiple layers when neces-
sary, radiation exposure can be significantly reduced,
ensuring the safety of personnel and the surrounding
environment.

2.3 | Materials used for radiation
shielding

Materials used for radiation shielding are crucial in pro-
tecting against the harmful effects of ionizing radiation.
Figure 3 presents typical materials used for radiation
shielding. These materials are carefully selected based on
their ability to effectively attenuate or absorb radiation,
thereby reducing its intensity and safeguarding human
health and the environment.

Lead is widely recognized as an excellent shielding
material due to its high atomic number (82) and density.

Its dense composition makes it highly effective in attenu-
ating gamma rays and x-rays. Lead is commonly used in
various applications, including radiation therapy rooms,
nuclear power plants, and industrial radiography facili-
ties.37 Concrete is another widely employed shielding
material due to its availability, cost-effectiveness, and ver-
satility. It consists of a mix of cement, aggregates, and
water. Concrete's shielding capabilities can be enhanced
by incorporating materials such as barite or magnetite,
which further increase its density and radiation attenua-
tion properties.38 It is commonly used in construction for
shielding walls, floors, and barriers in radiation-related
facilities.

Steel is frequently utilized in radiation shielding
applications due to its high density and effectiveness in
attenuating gamma rays and neutrons.39 It is often
employed in the construction of shielding structures,
such as doors, frames, and containers, providing robust
protection against radiation. Borated polyethylene is a
popular choice for neutron shielding.40 It combines the
neutron-absorbing properties of boron with the shielding
capabilities of polyethylene. This material is commonly
used in nuclear power plants and research facilities
where neutron radiation is a concern. Tungsten and bis-
muth are high-density materials with large atomic num-
bers that are utilized in specific applications requiring
dense shielding. Tungsten is commonly employed in
x-ray and gamma-ray applications due to its high atomic
number and effective attenuation properties.41 Bismuth is
used for shielding against low-energy gamma rays and
is often used in medical imaging and radiation therapy
applications.42 The penetrative ability of different types of
radiation varies based on their energy and nature. In the
study by Tyagi et al.43 (Figure 4), the authors investigated

FIGURE 3 Use of materials for radiation shielding.
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the penetrative abilities of various radiations in relation
to concrete shielding.

In recent years, there has been increased interest in
advanced materials and composites for radiation shield-
ing. These materials can offer improved performance,
such as higher shielding efficiency with reduced weight
and thickness. Nanostructured materials, such as nano-
composites and nanofibers, are being explored for their
potential to provide enhanced radiation attenuation.44,45

The selection of a suitable shielding material depends on
various factors, including the type and energy of radia-
tion, the required level of protection, and the specific
application. Designers and engineers consider these fac-
tors to ensure effective radiation shielding in various
industries, including nuclear power plants, healthcare
facilities, industrial radiography, and transportation of
radioactive materials. Ongoing research and development
efforts focus on exploring new materials and coatings
that can offer enhanced radiation shielding properties.
The goal is to continuously improve the effectiveness,
efficiency, and safety of radiation shielding materials to
meet the evolving needs of radiation protection in diverse
settings.

3 | CONCRETE AS A RADIATION
SHIELDING MATERIAL

Concrete is a widely used material for radiation shielding
due to its effectiveness in attenuating ionizing radiation.
It offers several desirable properties, such as availability,
cost-effectiveness, and versatility in construction applica-
tions. Concrete is composed of cement, aggregates, and
water, and its shielding capabilities can be further
enhanced by incorporating dense materials such as barite
or magnetite. The high density and atomic number of
these additives increase the material's ability to absorb
and scatter radiation, reducing its intensity. Additionally,

concrete's thickness and density can be optimized based
on the specific radiation source and desired level of pro-
tection. Its widespread use in nuclear power plants, medi-
cal facilities, and research laboratories highlights its
effectiveness as a radiation shielding material.

3.1 | Properties of concrete relevant to
shielding

Concrete is a commonly used material for radiation
shielding due to its various properties that make it effec-
tive in attenuating ionizing radiation. There are seven
vital properties of concrete that play an important role in
radiation shielding (Figure 5). These properties of con-
crete are particularly relevant to shielding applications.

1. Density: The density of concrete is an important prop-
erty for radiation shielding. Concrete has a relatively
high density, typically ranging from 2.2 to 2.4 g/cm3.
This high density allows it to effectively attenuate ion-
izing radiation by absorbing and scattering the radia-
tion particles as they pass through the material46

(Sariyer & Kucer.172 The dense nature of concrete
ensures that a significant amount of radiation is
absorbed within the material, reducing its intensity
and protecting against potential harm.

2. High atomic number additives: Concrete can be fur-
ther enhanced for radiation shielding by incorporating
high atomic number additives such as barite (barium
sulfate) or magnetite (iron oxide). These additives
have higher atomic numbers compared to the other
components of concrete. The high atomic number of
these additives increases their ability to interact with
radiation, effectively absorbing and attenuating it.47,48

By incorporating these additives into concrete, the
shielding properties of the material are improved,
allowing for better protection against ionizing
radiation.

3. Thickness: The thickness of the concrete barrier is a
critical factor in radiation shielding. The amount of
radiation attenuated depends on the thickness of the
concrete Zhang et al.173 The greater the thickness,
the more radiation will be absorbed and attenuated.
The choice of thickness depends on several factors,
including the type and energy of radiation to be
shielded and the desired level of protection.20 Thicker
concrete barriers are used for higher energy radiation,
while thinner barriers may be sufficient for lower-
energy radiation sources. Gökçe et al.49 examined the
gamma-ray attenuation coefficients and transmission
thickness of high consistency heavyweight concrete
with a mineral admixture. They produced concrete

FIGURE 4 The relative penetrative ability of different

radiations Tyagi et al.43
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mixes using barite aggregate and various mineral
admixtures and measured the gamma-ray linear atten-
uation coefficients using 137Cs and 60Co gamma
sources. The study established the relationship
between specimen thickness and gamma-ray trans-
mission, focusing on mean free path (MFP), half-value
layer (HVL), and tenth-value layer (TVL) (Figure 6).

4. Stability and durability: Concrete is known for its sta-
bility and durability. It can withstand harsh environ-
mental conditions, including temperature variations
and moisture. The stability of concrete ensures that its
shielding properties remain effective over an extended
period. This is crucial for long-term radiation protec-
tion in applications such as nuclear power plants or
medical facilities, where shielding materials must
maintain their effectiveness for years or even decades.

5. Availability and cost-effectiveness: Concrete is widely
available and cost-effective compared to some special-
ized shielding materials. Its main components, includ-
ing cement, aggregates, and water, are readily
accessible. This makes concrete a practical choice for
large-scale shielding applications that require signifi-
cant volumes of shielding material. The availability
and cost-effectiveness of concrete make it an attractive

option for various industries, including nuclear power,
where cost considerations are essential.

6. Versatility: Concrete is a versatile material that can be
molded into various shapes and sizes. This adaptabil-
ity allows for customization of concrete structures to
suit specific shielding needs. Concrete can be poured
or cast into different forms, enabling flexibility in
design and construction. This versatility is advanta-
geous in applications where complex geometries or
unique configurations are required to achieve optimal
radiation shielding.

7. Fire resistance: Concrete exhibits high fire resistance,
which is crucial in shielding applications where fire
hazards may exist. It can withstand high temperatures
without compromising its structural integrity. In the
event of a fire, concrete acts as a barrier, preventing
the spread of flames and protecting the underlying
shielding system. The fire resistance of concrete adds
an additional layer of safety to radiation shielding sys-
tems, reducing the risk of fire-related accidents.

By considering these properties of concrete, engineers
and designers can create effective radiation shielding sys-
tems tailored to specific applications. The combination of

FIGURE 5 Properties of concrete impact the shielding performance.

FIGURE 6 Relations between gamma-ray

transmission and concrete thickness.
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concrete's density, high atomic number additives, stabil-
ity, availability, versatility, and fire resistance make it a
reliable and widely used material for radiation shielding
in various industries where protection against ionizing
radiation is critical.

Concrete is widely recognized and utilized as a mate-
rial of choice for radiation shielding in various applica-
tions due to its abundant availability, cost-effectiveness,
and versatile nature. Its unique properties make it suit-
able for shielding against ionizing radiation, but a critical
analysis reveals both advantages and limitations in its
utilization for such purposes. One of the key advantages
of concrete as a shielding material is its high density.
With a dense structure, concrete efficiently attenuates
ionizing radiation by absorbing and scattering the radia-
tion particles as they pass through the material. This
property enables concrete to reduce the penetration of
radiation into the surrounding environment, providing
effective shielding. Moreover, concrete's density contrib-
utes to its durability and stability, ensuring long-term
effectiveness in shielding applications. These qualities are
particularly crucial in industries such as nuclear power,
healthcare, and research facilities, where radiation pro-
tection is of paramount importance. Another noteworthy
property of concrete is its inherent fire resistance and
ability to withstand high temperatures. This characteris-
tic enhances the safety of shielding systems in environ-
ments where radiation sources may generate heat or in
the event of a fire emergency. Concrete acts as a reliable
barrier, preventing the spread of flames and minimizing
the risk of radiation release. This fire-resistant nature of
concrete adds an extra layer of protection to shielded
areas, reinforcing the overall safety measures in
radiation-related settings.

In addition to its inherent properties, the availability
and cost-effectiveness of concrete make it an attractive
choice for shielding in various industries. Concrete is
readily accessible and can be produced from commonly
available materials such as cement, aggregates, and
water. Its production does not require specialized or
scarce resources, making it a practical and cost-efficient
solution for large-scale shielding projects. Furthermore,
concrete can be molded and shaped into desired configu-
rations, offering flexibility in the design of shielding
structures. This adaptability allows for the customization
of shielding systems to meet specific requirements, ensur-
ing optimal radiation protection.

However, it is important to acknowledge the limita-
tions of concrete as a shielding material. Firstly, while
concrete exhibits good attenuation properties for
gamma rays and x-rays, it is less effective in shielding
against neutron radiation. Neutrons require additional
measures, such as the inclusion of neutron-absorbing

materials or the use of specialized shielding tech-
niques, to enhance neutron attenuation when concrete
is used as the primary shielding material. Moreover,
the thickness and density of concrete significantly
impact its shielding effectiveness. Achieving adequate
radiation shielding requires careful optimization of
these parameters based on the specific radiation
sources and the desired level of protection. In some
cases, additional supplementary shielding materials or
additives may be necessary to meet the required shield-
ing requirements. Furthermore, the weight and bulki-
ness of concrete pose practical challenges in large-scale
shielding applications. Due to its high density, concrete
can be heavy and difficult to handle. Transportation,
installation, and maintenance of concrete shielding
structures may require specialized equipment, techni-
cal expertise, and careful planning to ensure proper
implementation.

The investigation into the utilization of alternate
materials in radiation shielding concrete has primarily
been conducted in Europe and Asian countries. Figure 7
provides an overview of the research distribution con-
cerning the application of alternate materials in radiation
shielding concrete, categorized by the number of publica-
tions originating from different countries.43 The data
depicted in Figure 7 encompasses publications spanning
a period of 17 years, specifically from 2003 to 2019, which
were reviewed as part of this study. The figure offers
insights into the regional focus and extent of research
conducted in different countries regarding the use of
alternate materials in radiation shielding concrete.

Concrete properties significantly influence its effec-
tiveness as a radiation shield, with porosity, mineral com-
position, and curing conditions being particularly
important. Porosity directly impacts radiation attenua-
tion. High porosity reduces concrete density, creating
pathways for radiation to penetrate more easily. Lower-
ing porosity, through optimized mix design and compac-
tion, enhances the material's density and thus its ability
to absorb and scatter radiation. Denser concrete forms a
more effective barrier against radiation, especially high-
energy gamma rays and neutrons. Mineral composition is
another crucial factor. The type of aggregates and cemen-
titious materials used determines the concrete's density
and atomic composition, both of which are vital for
shielding. Aggregates with higher atomic numbers, such
as barites, magnetite, or hematite, increase the concrete's
density and improve its capacity to attenuate radiation.
Additionally, using heavy metals or specialized admix-
tures can further enhance shielding properties by increas-
ing the concrete's mass per unit volume, thus providing
better radiation absorption. Curing conditions also play a
key role. Proper curing ensures the concrete achieves its
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intended strength and density, crucial for maintaining
its radiation shielding capabilities. Insufficient curing
can lead to the development of micro-cracks and
increased porosity, compromising both the structural
integrity and the effectiveness of the concrete as a radi-
ation shield. Understanding and optimizing these prop-
erties are essential for designing concrete that
effectively shields against ionizing radiation, ensuring
safety in nuclear facilities, medical environments, and
other radiation-prone areas.

3.2 | Radiation attenuation mechanisms
in concrete

Concrete is favored as a radiation shielding material due
to its capability to attenuate and minimize the penetra-
tion of ionizing radiation. This effectiveness is attributed
to several radiation attenuation mechanisms that operate
within the concrete (Figure 8). By comprehending these
mechanisms, it becomes possible to design shielding
structures that provide optimal radiation protection. The

FIGURE 7 Geographical distribution of the publications on the use of alternate materials in radiation shielding concrete (for

publications from the year 2003 to 2019).43

FIGURE 8 Radiation attenuation mechanisms and practice in concrete.
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dense structure of concrete allows it to absorb and scatter
incoming radiation, thus reducing its energy and limiting
its propagation.50,51 Additionally, the composition of con-
crete, including aggregates and the cement matrix,
contributes to its shielding properties. A thorough under-
standing of these radiation attenuation mechanisms is
crucial in ensuring the proper design and implementa-
tion of concrete shielding structures for effective radia-
tion protection.

The linear attenuation coefficient values of ultra-
high-performance high-strength concrete (UHPHSC)
samples containing various types of heavyweight aggre-
gates and fibers were assessed after 28 days of curing by
Zeyad et al.10 Two radiation sources, 137Cs with a photon
energy of 0.662 MeV (Figure 9), and 60Co with a
photon energy of 1.173 MeV (Figure 9), were used to irra-
diate the UHPHSC samples. The attenuation coefficient
was directly influenced by the energy source of radiation,
the type of aggregate, and the fibers incorporated in
the UHPHSC. It was observed that the inclusion of long
fibers (LF) and basalt fibers (BF) had a positive effect,

leading to increased attenuation coefficients compared to
short fibers (SF). For the radiation source of 137Cs
0.662 MeV, the layer attenuation coefficients for concrete
samples containing SF, LF, and BF were 0.162, 0.189, and
0.176 (cm�1), respectively (Figure 10). The same values
were obtained for the radiation source of 60Co
1.173 MeV. Moreover, the HVL and TVL of UHPHSC
and ultra-high-performance concrete (UHPC) decreased
when LF and BF were used instead of SF for both radia-
tion sources (137Cs 0.662 and 60Co 1.173 MeV).

Concrete's effectiveness in attenuating radiation can
be attributed to various mechanisms, including absorp-
tion by its atomic and molecular constituents. With its
composition of cement, aggregates, and water, concrete
comprises atoms with diverse atomic numbers, including
hydrogen, oxygen, silicon, calcium, and aluminum.
When radiation interacts with these atoms, several pro-
cesses occur. Photoelectric absorption involves the com-
plete absorption of photons.52 This process contributes to
the reduction of radiation penetration in concrete, mak-
ing it an efficient shielding material against ionizing

FIGURE 9 Linear attenuation

coefficient, half-value layer and

tenth-value layer of concrete

subjected to a source of radiation of
137Cs 0.662.10

FIGURE 10 Linear

attenuation coefficient, half-value

layer and tenth-value layer of

concrete subjected to a source of

radiation of 60Co 1.173.10
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radiation.53 In the context of radiation attenuation in
concrete, photoelectric absorption plays a crucial role.
This mechanism occurs when a photon interacts with an
atom, transferring all its energy to an inner-shell elec-
tron, which is then ejected from the atom. Photoelectric
absorption is more pronounced for photons with lower
energies and atoms with higher atomic numbers.31 Con-
crete, with its composition containing elements like cal-
cium and barium, which have higher atomic numbers,
exhibits effective photoelectric absorption.54 This charac-
teristic enhances the material's ability to attenuate radia-
tion, particularly when dealing with lower-energy
photons. By leveraging photoelectric absorption, concrete
acts as an efficient shield against ionizing radiation.

Compton scattering is another mechanism by which
radiation is attenuated in concrete. This process involves
the scattering of photons by electrons within the mate-
rial. When a photon interacts with an electron, it
undergoes a change in direction and loses energy. The
intensity of Compton scattering depends on the energy of
the photon and the electron density in the material.55,56

Due to the wide range of photon energies involved,
Compton scattering plays a significant role in the overall
attenuation of radiation in concrete. By effectively scat-
tering photons, concrete aids in reducing the penetration
and absorption of ionizing radiation, making it an essen-
tial component of radiation shielding structures.

Pair production is a significant mechanism in the
attenuation of high-energy photons, particularly gamma
rays, in materials like concrete. This process occurs when
a photon interacts with the electric field of a nucleus,
resulting in the creation of an electron-positron pair. The
positron subsequently annihilates with an electron,
producing two photons that are emitted in opposite direc-
tions. Pair production becomes more relevant for higher-
energy photons, and its contribution to radiation attenua-
tion is more pronounced in materials with higher atomic
numbers.57,58 Concrete, containing elements such as lead
and barium, can effectively attenuate high-energy gamma
rays through pair production, enhancing its radiation
shielding capabilities.

In addition to these atomic and molecular interac-
tions, the physical structure of concrete also plays a role
in radiation attenuation. The dense and compact nature
of concrete allows for multiple scattering events, where
radiation is deflected and redirected as it traverses
through the material. This scattering process further
reduces the intensity and penetration of radiation. Fur-
thermore, the thickness and density of the concrete bar-
rier are important factors in radiation attenuation. The
greater the thickness and density of the concrete,
the more radiation will be absorbed and attenuated.49,59

The choice of thickness depends on various factors,

including the type and energy of radiation and the
desired level of protection. Increasing the thickness of the
concrete barrier provides an additional layer of attenua-
tion and enhances radiation shielding.

In summary, radiation attenuation in concrete is
achieved through a combination of atomic and molecular
interactions, such as photoelectric absorption, Compton
scattering, and pair production, as well as multiple scat-
tering within the material. The composition, density, and
thickness of the concrete influence its effectiveness as a
radiation shielding material. By understanding these
attenuation mechanisms, engineers and designers can
optimize concrete shielding structures to provide ade-
quate radiation protection in various applications, includ-
ing nuclear power plants, medical facilities, and research
laboratories.

Radiation attenuation refers to the process of reduc-
ing the intensity of radiation as it passes through a mate-
rial, and this reduction occurs primarily through
absorption, scattering, or a combination of both. The
effectiveness of a material in attenuating radiation
depends on the type of radiation (alpha, beta, gamma, or
neutron) and the specific properties of the material, such
as atomic number, density, and composition. Gamma
radiation, being highly penetrating, is attenuated through
three primary mechanisms: photoelectric absorption,
Compton scattering, and pair production. High atomic
number materials, such as lead or tungsten, are particu-
larly effective at gamma attenuation because they
increase the likelihood of these interactions, especially
photoelectric absorption, which is more probable in
heavier elements. Alpha particles, with their high mass
and charge, interact strongly with matter and are easily
attenuated by low-density materials like paper or skin.
Their large size causes them to lose energy rapidly
through ionization, making even thin barriers effective.
Beta particles, which are lighter and less charged, require
denser materials, like aluminum, for effective attenua-
tion. These particles are stopped primarily through ioni-
zation and Bremsstrahlung, where they decelerate in the
material, emitting secondary radiation. Neutron radia-
tion, lacking charge, is attenuated by materials rich in
hydrogen, such as water or concrete. Neutrons are slowed
down via elastic scattering and then captured through
nuclear reactions, making these materials highly effective
neutron shields.

3.3 | Factors affecting radiation
shielding efficiency of concrete

The radiation shielding efficiency of concrete is influ-
enced by several key factors. Firstly, the density of the
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concrete plays a significant role, as higher-density con-
crete provides better radiation absorption and scattering
properties. The composition of the concrete mix, includ-
ing the use of high-density additives, can enhance its
shielding effectiveness. The thickness of the concrete
layer is also crucial, with thicker layers offering increased
attenuation. Voids and cracks in the concrete can com-
promise its shielding efficiency and should be minimized.
The radiation spectrum, moisture content, and the purity
and uniformity of the concrete mix are additional factors
that impact its shielding efficiency. Proper consideration
of these factors is essential for effective radiation shield-
ing in various applications.

1. Density: The density of concrete is a crucial factor in
its radiation shielding efficiency. Higher-density con-
crete provides better protection against radiation by
offering more mass for the absorption and scattering
of radiation particles.60,61 The dense structure of the
concrete impedes the penetration of radiation, reduc-
ing its harmful effects. To increase the density of con-
crete, heavy aggregates such as barite, hematite, or
magnetite can be incorporated into the mix.62–66

These high-density materials help enhance the shield-
ing effectiveness of concrete in radiation shielding
applications.

2. Composition: The composition of the concrete mix
directly affects its radiation shielding properties. By
adding specific materials to the mix, the overall
shielding efficiency can be improved. High-density
mineral admixtures, such as barites or iron ores, can
be included to increase the density and radiation
absorption capacity of the concrete. These additives
alter the elemental composition of the concrete,
enhancing its ability to attenuate radiation.67–69 Addi-
tionally, the selection and concentration of these
materials can be optimized based on the type and
energy of the radiation source to achieve the desired
shielding performance.

3. Thickness: The thickness of the concrete layer is an
essential consideration for effective radiation shield-
ing. A thicker concrete layer provides a greater
depth for radiation attenuation, reducing the
amount of radiation that can pass through.70–72 The
required thickness depends on factors such as
the type of radiation, its energy level, and the
desired level of protection. It is crucial to calculate
the appropriate thickness based on the specific radi-
ation source and regulatory requirements to ensure
adequate shielding. Optimization of the thickness is
necessary to balance the need for efficient radiation
attenuation with practical considerations such as
space limitations and cost.

4. Voids and cracks: The presence of voids, cracks, or air
gaps in concrete can compromise its radiation shield-
ing efficiency.73,74 These imperfections provide path-
ways for radiation to pass through without adequate
attenuation, reducing the overall shielding effective-
ness. Proper compaction during the concrete place-
ment process is essential to minimize voids. Quality
control measures, such as regular inspections and
maintenance, help identify and repair any cracks or
gaps that may develop over time. Maintaining the
integrity of the concrete structure is crucial for ensur-
ing consistent and reliable radiation shielding.

5. Radiation Spectrum: Different types of radiation have
varying attenuation characteristics, and concrete may
exhibit different levels of effectiveness against them.
Concrete is generally effective in attenuating gamma
rays and x-rays due to its high atomic number
elements.75–77 However, it may be less efficient in
shielding against neutrons. Neutrons require addi-
tional shielding measures, such as the inclusion of
neutron-absorbing materials like boron or hydrogen-
rich compounds. Combining concrete with other
shielding materials or adopting alternative shielding
techniques, such as moderation or absorption, may be
necessary to enhance the shielding efficiency against
neutrons.

6. Moisture content: The moisture content of concrete
can influence its radiation shielding properties. Mod-
erate levels of moisture in concrete can enhance the
scattering of radiation, improving its attenuation capa-
bilities.9 Moisture acts as an additional scattering
medium for radiation particles, increasing the likeli-
hood of their interaction and reducing their penetra-
tion. However, excessive moisture can decrease the
density of the concrete and compromise its shielding
efficiency. Proper moisture control during the mixing,
curing, and maintenance stages is crucial to maintain-
ing the desired moisture content and ensuring consis-
tent radiation shielding performance.

7. Purity and uniformity: The purity and uniformity of
the concrete mix are critical for achieving reliable
radiation shielding. Impurities or variations in the
composition of the concrete can introduce inconsis-
tencies in its attenuation properties.78,79 Quality
control measures, including regular testing and
adherence to proper mixing procedures, are essen-
tial to maintain the desired purity and uniformity.
By ensuring consistent material quality, the shield-
ing efficiency of the concrete can be optimized, pro-
viding reliable and predictable radiation protection.

Understanding and considering these factors in the
design and implementation of concrete shielding
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structures are crucial for achieving effective radiation
attenuation. Proper analysis, material selection, and qual-
ity assurance procedures are necessary to ensure the
desired level of radiation protection in various applica-
tions, including nuclear power plants, medical facilities,
and industrial settings.

4 | TYPES OF RADIATION
SHIELDING CONCRETE

There are several types of radiation shielding
concrete designed to provide effective protection
against ionizing radiation. Figure 11 presents different
types of concrete used for radiation shielding applica-
tions in nuclear-related infrastructure. High-density
concrete is commonly used for shielding purposes due
to its ability to attenuate radiation through absorption
and scattering. It contains heavy aggregates such as
barite or magnetite, which increase its density and
enhance its shielding properties. Borated concrete
incorporates boron compounds, such as boron carbide
(B4C) or borosilicate glass, which have high neutron
absorption capabilities. Lightweight radiation shielding
concrete is made using lightweight aggregates such as
expanded shale or perlite, reducing its density while
still providing adequate radiation attenuation. Addi-
tionally, lead concrete contains lead particles or fibers
to enhance its ability to block gamma radiation. These
different types of radiation shielding concrete offer
flexibility in choosing the appropriate material based
on the specific radiation sources and shielding
requirements.

4.1 | Ordinary concrete

The use of ordinary concrete for radiation shielding has
been a common practice due to its widespread availabil-
ity, cost-effectiveness, and ease of construction. While it
has demonstrated effectiveness in attenuating ionizing
radiation, a critical analysis reveals certain limitations
and considerations that should be taken into account.
One limitation is the inherent variability in the composi-
tion and quality of ordinary concrete. The concrete mix
may vary in terms of aggregate types, cement content,
water-cement ratio, and curing conditions. These varia-
tions can affect the density, strength, and radiation atten-
uation properties of the concrete. Inconsistent material
properties can result in unpredictable shielding perfor-
mance, leading to potential radiation leaks or inadequate
protection. Another factor to consider is the limited
shielding capability of ordinary concrete against high-
energy radiation, such as gamma rays and neutron radia-
tion. Concrete's effectiveness in attenuating these types of
radiation diminishes with increasing energy levels. Spe-
cialized shielding materials or additional techniques may
be required to achieve sufficient protection in high-
energy radiation environments.

Moreover, ordinary concrete's effectiveness as a
shielding material heavily relies on its thickness.
Achieving the desired level of radiation attenuation
often necessitates significant concrete thickness, which
can be impractical in certain applications where space
or weight constraints exist. Additionally, the increased
thickness leads to higher material and construction
costs. Furthermore, ordinary concrete may not be suit-
able for applications requiring precise and uniform

FIGURE 11 Radiation shielding concrete and key factors. SFRC, steel fiber-reinforced concrete.
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radiation attenuation. Due to its composition, concrete
can exhibit variations in density, leading to uneven
shielding properties. This can result in hotspots or
areas with insufficient radiation attenuation,
compromising the overall shielding effectiveness. It is
worth noting that advancements have been made in
the field of specialized radiation shielding materials,
such as high-density concrete, lead-based compounds,
or polymer composites. These materials offer enhanced
radiation attenuation properties and allow for more
efficient and compact shielding designs. However, they
often come at a higher cost compared to ordinary
concrete.

4.2 | High-density concrete

The use of high-density concrete for radiation shielding
has gained significant attention in recent years due to its
ability to effectively attenuate ionizing radiation. High-
density concrete is characterized by its high density,
achieved by incorporating heavy aggregates or additives
such as hematite, barite, or magnetite. This dense compo-
sition enables the concrete to absorb and scatter radiation
particles, reducing their penetration through the mate-
rial. Numerous studies have demonstrated the effective-
ness of high-density concrete in attenuating gamma rays,
x-rays, and neutrons.

Flux transmission measurements were conducted by
Malkapur et al.80 on various samples of test mixes, with
thicknesses ranging from 50 to 300 mm. The shielding
properties, excluding the neutron build-up factor, were
analyzed and presented in Figure 12. The results demon-
strate significant reductions in flux transmission values

across all samples. When compared to the control con-
crete mix at a reference thickness of 150 mm, reductions
in flux transmission range from 7.7% for mix P (with
polymer replacing sand up to 50% volume) to 20.5% for
mix PSIB (incorporating polymer, steel slag, and borax).
The reductions in flux transmission can be attributed to
elastic scattering due to polymers and the inclusion of
high-density aggregates. The cumulative effect of poly-
mers and high-density aggregates in the mixes contrib-
utes to the observed decrease in flux transmission. The
addition of borax has a minimal impact on reducing flux
transmission. Boron (and most neutron absorbers) will
have a minimal effect on high-energy neutrons but will
have a strong effect on thermal neutrons. So, knowing
the energy being dealt with is crucial to drawing any con-
clusions. Overall, the findings highlight the influence of
each ingredient on the shielding effectiveness, with suc-
cessive mixes demonstrating progressively reduced neu-
tron flux transmission.

The composition of high-density concrete, including
the choice of aggregates and admixtures, also influences
its radiation shielding performance. Different aggregates
have varying radiation attenuation properties, and their
selection should be based on the specific requirements of
the shielding application. Additionally, additives such as
boron, zinc oxide, or nanoparticles have been investi-
gated for their potential to enhance radiation shielding
capabilities. However, their effectiveness may depend on
factors such as particle size, concentration, and interac-
tion with other components of the concrete matrix.

The thickness of high-density concrete is another cru-
cial factor in radiation attenuation. Thicker concrete
walls or barriers are generally more effective at reducing
radiation levels. However, practicality and cost implica-
tions should be considered, as excessive thickness may
not always be feasible or necessary for achieving the
desired radiation attenuation. While high-density con-
crete offers promising capabilities for radiation shielding,
it is not without limitations. Its effectiveness may dimin-
ish at higher energy levels or for certain types of radia-
tion. Furthermore, the long-term durability and stability
of high-density concrete under radiation exposure need
to be thoroughly evaluated to ensure sustained shielding
performance over time.

4.3 | Lightweight aggregate concrete

Lightweight aggregate concrete (LWAC) has gained
attention as a potential material for radiation shielding
due to its low density and improved mechanical proper-
ties. This critical analysis aims to evaluate the use of
LWAC in radiation shielding applications and assess its

FIGURE 12 Flux transmission measurements of different

mixes.80 P, with polymer replacing sand up to 50% volume; PSIB,

incorporating polymer, steel slag, and borax.
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effectiveness based on various factors. One of the primary
advantages of LWAC is its reduced density compared to
traditional concrete. The use of lightweight aggregates,
such as expanded clay, shale, or perlite, contributes to
the lower density of the concrete. This property makes
LWAC a suitable choice for applications where weight
reduction is desired, such as in construction projects or
transportation of shielding materials. However, the lower
density of LWAC may affect its ability to attenuate radia-
tion effectively compared to high-density concrete.

The radiation shielding effectiveness of LWAC depends
on several factors, including the type and density of light-
weight aggregates, the mix proportion, and the thickness of
the concrete. Studies have shown that an increase in aggre-
gate density leads to improved radiation attenuation.81–85

Therefore, the selection of lightweight aggregates with
higher densities, such as expanded lead or barite aggregates,
can enhance the shielding properties of LWAC.

The mix proportion of LWAC also plays a crucial role
in determining its radiation shielding effectiveness. The
ratio of lightweight aggregates to cementitious materials
affects the overall density and mechanical strength of the
concrete. A well-balanced mix design is essential to achieve
the desired shielding performance while maintaining ade-
quate structural integrity. In addition to density and mix
proportion, the thickness of LWAC is a critical factor in
radiation attenuation. Thicker concrete walls or barriers
provide better shielding against ionizing radiation. How-
ever, it is important to consider practical limitations and
cost implications when determining the required thickness
of LWAC for specific shielding applications.

It is worth noting that while LWAC offers advantages
in weight reduction and improved mechanical properties,
its radiation shielding capabilities may not be as effective
as high-density concrete. The lower density of LWAC
results in reduced attenuation of radiation, especially for
higher energy levels or certain types of radiation. There-
fore, the use of LWAC for radiation shielding applica-
tions should be carefully evaluated based on the specific
requirements and radiation sources involved. Further-
more, the long-term durability and stability of LWAC
under radiation exposure should be considered.
Radiation-induced damage and degradation may affect
the mechanical properties and overall performance of
LWAC over time. Therefore, comprehensive studies are
needed to assess the long-term behavior and performance
of LWAC in radiation shielding applications.

4.4 | Magnetite concrete

The use of magnetite concrete has gained consider-
able attention in recent years. Magnetite, a naturally

occurring iron oxide, possesses unique properties that
make it suitable for radiation attenuation. One of the key
advantages of magnetite concrete is its high density and
atomic composition, which enable efficient absorption
and scattering of ionizing radiation. The presence of mag-
netite particles in the concrete matrix enhances its ability
to attenuate gamma rays, x-rays, and neutrons. The high
atomic number of magnetite, primarily due to iron, facili-
tates the interaction and absorption of radiation particles,
reducing their penetration through the material. Studies
have demonstrated that the density and content of mag-
netite in the concrete directly influence its radiation
shielding effectiveness.86–88 Increasing the concentration
of magnetite particles in the mix leads to improved atten-
uation properties. However, it is essential to strike a bal-
ance between density and workability to ensure the
practicality of construction and maintain the required
structural integrity.

The composition and mix design of magnetite con-
crete also play a crucial role in its radiation shielding
capabilities. The selection of appropriate aggregates,
cementitious materials, and admixtures can influence the
density, strength, and durability of the concrete. Further-
more, the particle size distribution and surface character-
istics of magnetite particles can affect their dispersion
and interaction within the concrete matrix, thereby
impacting the radiation attenuation performance. The
thickness of magnetite concrete is another critical factor
in radiation shielding. Thicker concrete walls or barriers
offer increased protection against ionizing radiation.
However, the practicality and cost considerations associ-
ated with thicker concrete should be taken into account
during the design and implementation stages.

Several studies have investigated the effect of elevated
temperature on the mechanical properties and micro-
structure of heavyweight magnetite concrete with steel
fibers.89 The research demonstrated that the addition of
magnetite enhances the concrete's ability to withstand
elevated temperatures while maintaining its mechanical
integrity. Furthermore, the effect of elevated temperature
on the radiation shielding capabilities of UHPC contain-
ing silica sand or magnetite has been explored.90 The
findings indicated that UHPC with magnetite exhibits
improved radiation shielding performance even under
high-temperature conditions, making it a viable option
for applications requiring both thermal resistance and
radiation protection. In another study, a high-
radiation-shielding UHPC was developed using magne-
tite fine aggregate.91 The researchers investigated the
preparation process and comprehensive properties of the
UHPC, highlighting its effectiveness in attenuating radia-
tion. The incorporation of magnetite fine aggregate con-
tributed to the enhanced radiation shielding capabilities
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of the UHPC, making it suitable for various radiation-
related applications. Moreover, the feasibility of using
recycled cathode ray tube (CRT) funnel glass as a partial
replacement for high-density magnetite sand in radiation
shielding concrete was examined.92 The study demon-
strated that the inclusion of recycled glass as a substitute
for magnetite resulted in a sustainable approach to radia-
tion shielding concrete production. The findings indi-
cated that the concrete maintained satisfactory radiation
shielding performance while promoting the recycling of
waste materials.

The gamma-ray transmission rate of the concrete
samples was measured by Gunoglu and Akkurt93 and the
findings are presented in Figure 13. The results indicate
that as the energy of gamma rays increases, a greater

thickness of concrete is required to effectively block the
radiation. Interestingly, when a higher proportion of
basalt-magnetite is used in the production of the con-
crete, the necessary thickness of the concrete decreases,
demonstrating improved radiation shielding properties.
This highlights the beneficial impact of incorporating
magnetite as an aggregate in concrete, further enhancing
its ability to attenuate gamma rays and enhance radiation
shielding capabilities.

Overall, these studies highlight the potential of mag-
netite concrete as a specialized radiation shielding mate-
rial. Its use in heavyweight concrete, UHPC, and in
combination with other additives or substitutes demon-
strates its versatility and effectiveness in attenuating radi-
ation. Further research and development in this field are

FIGURE 13 The transmission rate for magnetite concrete as a function of thickness at different gamma energies.93
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necessary to optimize the mix design, evaluate long-term
durability, and explore the applicability of magnetite con-
crete in various radiation shielding applications. While
magnetite concrete offers promising radiation shielding
capabilities, it is not without limitations. The effective-
ness of magnetite concrete may vary depending on the
energy level and type of radiation involved. Higher
energy levels or specific radiation types may require addi-
tional measures or alternative shielding materials to
achieve the desired attenuation. Furthermore, the long-
term behavior and stability of magnetite concrete under
radiation exposure need to be thoroughly evaluated.
Radiation-induced degradation or changes in the physical
and mechanical properties of the concrete could poten-
tially impact its shielding performance over time.

4.5 | Barite concrete

The use of barite concrete in radiation shielding has been
a subject of significant interest and research in the field.
Barite, a naturally occurring mineral composed of barium
sulfate, offers advantageous properties for radiation
shielding due to its high atomic number and density. The
high density of barite concrete allows for effective attenu-
ation of gamma rays, x-rays, and neutrons, as it facilitates
interactions with radiation particles, reducing their pene-
tration through the material. One of the key factors
influencing the shielding effectiveness of barite concrete
is the concentration of barite particles in the mix. Studies
have shown that increasing the barite content leads to
improved radiation attenuation.49,94 However, it is essen-
tial to strike a balance between density and workability
to ensure the practicality of construction. Excessive barite
content may result in challenges during mixing, placing,
and curing, affecting the overall quality of the concrete.

The study conducted by Masoud et al.65 focuses on
investigating the effects of incorporating barite and
hematite into serpentine concrete for radiation shield-
ing purposes. The research explores the radiation
shielding properties of different concrete mixes with
varying barite and hematite contents. The results dem-
onstrate that the addition of barite and hematite signif-
icantly enhances the radiation shielding capabilities of
serpentine concrete. The higher atomic number and
density of barite and hematite contribute to increased
attenuation of radiation, making these concrete mixes
effective in shielding against harmful radiation. This
study contributes to the understanding of utilizing bar-
ite and hematite as additives in concrete for improved
radiation shielding performance. Upon comparing Fig-
ures 14 and 15,65 a notable observation is the rapid
decrease in integral fluxes of fast neutrons as the

concrete thickness increases, in contrast to the total
gamma rays. This discrepancy can be attributed to the
superior attenuation characteristics of fast neutrons in
these concrete mixes compared to gamma rays. Fur-
thermore, the attenuation parameters for both integral
fluxes of fast neutrons and gamma rays indicate that
higher values of attenuation coefficients (μ and μ0) and
lower values of λ and HVL result in improved radiation
attenuation properties of the tested concrete mixes.
These findings highlight the importance of considering
specific radiation types and corresponding attenuation
features when evaluating the effectiveness of concrete
shielding.

The composition and mix design of barite concrete play
a crucial role in its shielding capabilities. The selection of
appropriate aggregates, cementitious materials, and admix-
tures can impact the density, strength, and durability of the
concrete. It is important to ensure proper dispersion and
distribution of barite particles within the concrete matrix to
optimize radiation attenuation. The thickness of the barite
concrete is another critical aspect to consider. Thicker con-
crete walls or barriers provide increased shielding against
ionizing radiation. However, the practicality and cost impli-
cations of using thicker concrete should be carefully evalu-
ated, as excessively thick barriers may not always be
necessary or feasible for achieving the desired level of radia-
tion attenuation.

The use of barite concrete as a radiation shielding mate-
rial has been the subject of extensive research, as evidenced
by the studies conducted by Akkurt et al.,62,95 Akkurt and
El-Khayatt,96 Liu et al.,92 Şensoy and Gökçe,97 and Daung-
wilailuk et al.64 These studies collectively contribute to our
understanding of the shielding capabilities and properties of
barite concrete. One of the notable findings from these stud-
ies is the ability of barite concrete to effectively attenuate
gamma rays. The incorporation of barite in concrete com-
positions has demonstrated a significant reduction in
gamma-ray transmission. This suggests that barite, with its
high atomic number and density, is successful in absorbing
and scattering gamma-ray radiation. This characteristic
makes barite concrete a viable option for shielding against
gamma-ray radiation in various applications. Furthermore,
the research also highlights the influence of different factors
on the shielding properties of barite concrete. Akkurt and
El-Khayatt96 investigated the effect of varying barite propor-
tions on neutron and gamma-ray shielding. The results
indicated that increasing the barite content improved the
shielding capabilities against both types of radiation. This
finding suggests that the amount of barite incorporated in
the concrete mix plays a crucial role in determining the
overall shielding effectiveness. Additionally, the study by
Liu et al.92 introduced the concept of incorporating recycled
CRT funnel glass aggregate into barite concrete. This
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FIGURE 14 Fast neutron fluxes measured at the selected thicknesses of the studied concrete mixes at the energy range of 0.8–11 MeV:

(a) fast neutron spectra and (b) integral fluxes.65
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approach not only addressed the issue of waste manage-
ment but also assessed the impact on the physical, mechan-
ical, leaching, and radiation shielding properties of the

concrete. The study concluded that the addition of recycled
glass did not compromise the radiation shielding capabili-
ties of barite concrete. This finding highlights the potential

FIGURE 15 Total gamma-ray fluxes measured at the selected thicknesses of the studied concrete mixes at the energy range of 0.4–
8.3 MeV: (a) Total gamma spectra and (b) integral fluxes.65

BARBHUIYA ET AL. 1827

 17517648, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202400519 by Test, W

iley O
nline Library on [28/04/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



of using sustainable materials in barite concrete production
without sacrificing its shielding effectiveness.

While barite concrete demonstrates effectiveness in
attenuating ionizing radiation, it is important to recog-
nize its limitations. The shielding performance of barite
concrete may vary depending on the energy level and
type of radiation. Higher energy levels or specific radia-
tion types may require additional measures or alternative
shielding materials to ensure adequate protection. Fur-
thermore, the long-term behavior and stability of barite
concrete under radiation exposure should be thoroughly
assessed. Radiation-induced degradation or changes in
the physical and mechanical properties of the concrete
could potentially affect its shielding performance over
time. The physical or mechanical properties are useful
for materials generally, and thus often desirable in indus-
trial applications. But in terms of radiation shielding, it
has virtually no effect. These radiation particles are on
the sub-atomic scale, so they only care about atoms (elec-
trons and nuclei) in their way, and rarely on the bigger,
more macroscopic scale than that. There are slight subtle-
ties in that for low-energy neutrons chemical bonds can
come into play, neutron absorptions will induce small
changes to the elements and isotopes present, and obvi-
ously one is potentially concerned about radiation dam-
age weakening a structure over time (but not really on
macroscopic changes altering the radiation shielding).
Continuous monitoring and evaluation of the concrete's
performance in radiation environments are essential to
ensure its sustained effectiveness.

4.6 | Borated concrete

Borated concrete has emerged as a widely utilized mate-
rial for radiation shielding purposes due to its excellent
attenuation properties. Borated concrete incorporates
boron compounds, typically in the form of B4C or boron
oxide (B2O3), into the concrete mix. Boron has a high
neutron absorption cross-section, making it particularly
effective in attenuating neutron radiation. It functions by
capturing thermal neutrons through the (n, α) reaction,
thus reducing their energy and limiting their ability to
cause nuclear reactions. One of the key advantages of
borated concrete is its ability to provide effective shield-
ing against both gamma rays and neutrons. Boron has a
high cross-section for thermal neutron capture, making it
an efficient neutron attenuator. Additionally, gamma
rays are attenuated through interactions with the con-
crete matrix and the presence of boron, further reducing
their penetration.

The performance of borated concrete as a shiel-
ding material is influenced by several factors. The

concentration of boron in the concrete mix plays a crucial
role in determining the neutron absorption capacity.
Higher boron content generally leads to increased neu-
tron attenuation. However, it is essential to balance the
boron concentration with other concrete properties, such
as workability, strength, and durability, to ensure the
practicality of construction. The distribution and disper-
sion of boron compounds within the concrete matrix also
affect the shielding effectiveness. Proper mixing tech-
niques and the use of suitable additives or admixtures
can aid in achieving uniform dispersion, maximizing
neutron capture efficiency. The thickness of borated con-
crete is a significant factor in radiation attenuation.
Thicker concrete barriers offer increased shielding
against both neutrons and gamma rays. However, it is
crucial to consider practical constraints and cost implica-
tions when determining the appropriate thickness, as
excessively thick barriers may not always be necessary or
feasible.

Researchers have conducted various studies to inves-
tigate the performance and properties of borate-based
materials in radiation shielding applications. Singh
et al.98 conducted a comparative study of lead borate and
bismuth lead borate glass systems as gamma radiation
shielding materials. The study found that both systems
demonstrated considerable effectiveness in attenuating
gamma radiation. Lead borate glass exhibited higher
shielding efficiency due to its higher atomic number and
density, which resulted in greater attenuation of gamma
rays. These findings highlight the importance of material
composition in determining the shielding capabilities of
borate-based materials. Kharita et al.99 provided a com-
prehensive review on the addition of boron compounds
to radiation shielding concrete. Boron compounds, such
as B4C and borax, are commonly added to concrete to
enhance its radiation shielding properties. The review
discussed the mechanisms by which boron compounds
interact with radiation, including neutron capture and
scattering. The presence of boron in concrete effectively
attenuates neutrons through the (n, α) reaction, convert-
ing neutrons into less harmful particles. The review
emphasized the potential of boron compounds in improv-
ing the shielding efficiency of concrete, particularly in
neutron attenuation.

Park et al.100 employed computational methods to
investigate the neutron shielding and activation charac-
teristics of borated concrete with polyethylene aggregate.
The study evaluated the effectiveness of boron-containing
materials, such as B4C and B2O3, in neutron shielding.
The results indicated that the borated concrete exhibited
superior neutron attenuation compared to conventional
concrete. The presence of boron compounds led to
enhanced absorption and scattering of neutrons, reducing

1828 BARBHUIYA ET AL.

 17517648, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202400519 by Test, W

iley O
nline Library on [28/04/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



their penetration and effectively shielding against neu-
tron radiation. Dong et al.101 focused on the gamma radi-
ation shielding properties of lithium zinc bismuth borate
glasses. The study utilized computer simulations and
modeling techniques to evaluate the shielding efficiency
of these glasses. The results showed that the glasses
exhibited high-density characteristics and possessed a
substantial atomic number, making them effective in
attenuating gamma radiation. The study suggested that
lithium zinc bismuth borate glasses could be utilized as
viable shielding materials due to their favorable
properties.

Kurudirek102 investigated heavy metal borate glasses
as potential candidates for radiation shielding. The study
explored the influence of various heavy metal oxides,
such as lead oxide and bismuth oxide, on the shielding
properties of borate glasses. It was found that the addi-
tion of heavy metal oxides increased the density and
atomic number of the glasses, resulting in improved radi-
ation attenuation capabilities. The study highlighted the
potential of heavy metal borate glasses as effective radia-
tion shielding materials due to their high density and
atomic number. Saddeek et al.103 synthesized and charac-
terized lead borate glasses comprising cement kiln dust
and Bi2O3 for radiation shielding applications. The study
aimed to explore the potential of utilizing industrial
waste materials in the production of lead borate glasses
for radiation shielding. The addition of Bi2O3 was found
to enhance the shielding efficiency of the lead borate
glasses, demonstrating the possibility of incorporating
alternative materials to improve the radiation attenuation
properties.

In their study, Chandrika et al.104 examined the phys-
ical, optical, and radiation shielding properties of
barium-bismuth oxide borate concrete. The mass attenu-
ation coefficient of barium-bismuth oxide borate nano-
particle was found to decrease with increasing energy,
peaking at 0.09 MeV, and then declining due to a
decrease in interaction cross-section (Figure 16a). The
interaction of gamma photons involved energy-
dependent processes such as the photoelectric effect, the
Compton effect, and pair production. The relaxation
length and TVL thickness increased with higher gamma
photon energy, indicating improved shielding efficiency
(Figure 16b,c). The effective atomic number (Zeff) and
electron density decreased with increasing photon energy
(Figure 16d,e). The radiation protection efficiency was
highest in the lower energy range and decreased gradu-
ally with higher energy (Figure 16f). The energy absorp-
tion build-up factor (EABF) varied with gamma photon
energy and MFP (Figure 16g,h). These variations were
attributed to the dominance of different interaction pro-
cesses at varying energy levels.

While the studies reviewed provide valuable insights
into the use of borate-based materials for radiation
shielding, several aspects warrant further investigation. It
is worth noting that while borated concrete exhibits
excellent shielding properties, its effectiveness may be
limited in high-energy radiation environments. Neutron
capture reactions may produce secondary radiations,
such as gamma rays, which require additional shielding
measures. The combination of borated concrete with
other shielding materials or techniques, such as lead or
steel, may be necessary to provide comprehensive radia-
tion protection. Furthermore, the long-term stability and
durability of borated concrete in radiation environments
should be carefully evaluated. Radiation exposure can
potentially affect the mechanical and physical properties
of the concrete over time, impacting its shielding perfor-
mance. Regular monitoring and assessment are necessary
to ensure the continued effectiveness of borated concrete
as a shielding material.

4.7 | Other specialty radiation shielding
concretes

Specialty radiation shielding concretes, apart from the com-
monly used borated concrete, barite concrete, high-density
concrete, and LWAC, offer a wide range of options to meet
specific radiation shielding requirements. These innovative
concretes have been developed through advanced materials
and engineering techniques to enhance their shielding
capabilities in various applications.

One example is steel fiber-reinforced concrete
(SFRC), which incorporates steel fibers into the
concrete mix. The inclusion of steel fibers provides addi-
tional strength and crack resistance, making SFRC highly
durable and structurally robust. The steel fibers not only
reinforce the concrete but also contribute to its radiation
attenuation properties by effectively scattering and
absorbing radiation particles.84,105,106 SFRC is commonly
used in facilities where mechanical strength is critical,
such as nuclear power plants and radioactive waste stor-
age sites. Another specialty concrete is neutron attenuat-
ing concrete, which is specifically designed to shield
against neutron radiation.107–109 It contains elements
with a high neutron capture cross-section, such as boron,
lithium, or gadolinium. These elements undergo nuclear
reactions with neutrons, effectively absorbing and attenu-
ating them. Neutron attenuating concrete is extensively
used in environments where neutron radiation is a con-
cern, including research reactors and facilities involved
in neutron scattering experiments.

Polymer concrete is a composite material where the
traditional cement binder is replaced with a polymer
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resin, such as epoxy or polyester. Polymer concrete offers
several advantages, including a high strength-to-weight
ratio, excellent chemical resistance, and good radiation
attenuation properties.110–112 Its lightweight nature
makes it particularly suitable for applications where
weight reduction is crucial, such as transportation con-
tainers for radioactive materials or radiation shielding in
the aerospace industry. Composite concrete involves the
combination of different materials to achieve specific
radiation shielding requirements. For example, a combi-
nation of heavy aggregates like barites or hematite with
polymers can enhance both gamma and neutron radia-
tion attenuation properties.65,113 By tailoring the compo-
sition, composite concretes can be customized to
effectively shield against specific radiation sources and
energy levels encountered in various environments.
Nanoengineered concrete is another emerging specialty
concrete that incorporates nanomaterials, such as nano-
particles or nanofibers, into the concrete matrix. These
nanomaterials possess unique properties, such as high
atomic numbers or enhanced scattering capabilities,
which enable more efficient attenuation of radiation.82,114

Nanoengineered concrete offers the potential for
improved shielding effectiveness by maximizing the scat-
tering and absorption of radiation.

The selection of the most suitable specialty radiation
shielding concrete depends on factors such as the type of
radiation, energy levels, required shielding effectiveness,
and practical considerations. Each specialty concrete has

its own advantages and limitations, and their perfor-
mance should be carefully evaluated through extensive
testing and validation. Continued research and develop-
ment in this field will further enhance the capabilities of
specialty radiation shielding concretes, leading to more
effective and efficient shielding solutions for a wide range
of radiation applications.

4.8 | A comparative analysis of various
radiation shielding concretes

A comparative analysis of various radiation shielding
concretes reveals their unique advantages and limita-
tions. High-density concrete, using heavy aggregates like
barite or magnetite, excels at attenuating gamma rays
and neutrons due to its density and ability to scatter radi-
ation. However, its effectiveness can diminish at higher
energy levels and may be costly and impractical in thin
sections. LWAC, made with materials such as expanded
shale, reduces weight while still providing some shield-
ing. Its lower density limits its attenuation effectiveness,
particularly against high-energy radiation. Thus, it is best
suited for applications where weight constraints are criti-
cal. Magnetite concrete incorporates magnetite particles,
offering excellent gamma-ray and neutron attenuation
due to magnetite's high atomic number. However, practi-
cal construction challenges and cost considerations arise
from the high density of the concrete, necessitating a

FIGURE 16 x-ray/gamma shielding

parameters: (a) mass attenuation coefficient

versus energy, (b) tenth-value layer (TVL) versus

energy, (c) mean free path versus energy,

(d) effective atomic number versus energy,

(e) effective electron density versus energy, (f)

radiation protection efficiency of bismuth borate

oxide nanoparticles (BBOB NPs) with that of

lead, (g) energy absorption build-up factor

(EABF) versus energy, (h) EABF versus mean

free path for BBOB NPs.104
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balance between density and workability. Barite concrete
benefits from barite's high atomic number and density,
making it effective against gamma rays and neutrons.
Yet, excessive barite content can pose mixing and place-
ment challenges. Borated concrete, enhanced with boron
compounds, provides superior neutron shielding through
high neutron absorption cross-sections. Despite its effi-
cacy, it may require additional materials to shield against
high-energy gamma radiation, and long-term durability
must be assessed. Each type of concrete has specific
applications based on radiation type, shielding require-
ments, and practical considerations such as cost and con-
struction feasibility.

5 | DESIGN AND FORMULATION
OF RADIATION SHIELDING
CONCRETE

The design and formulation of radiation shielding con-
crete involve careful consideration of various factors to
achieve the desired level of radiation attenuation
(Figure 17). This includes selecting high-density aggre-
gates with elements that have high atomic numbers, such
as borates, lead, or bismuth, which effectively absorb and
scatter radiation. The mix proportions of cement, water,
and aggregates must be optimized to ensure proper work-
ability, strength, and density of the concrete. Admixtures
may be used to enhance specific properties. Additionally,
computational modeling and experimental testing are
employed to assess the radiation shielding effectiveness.

The goal is to develop a concrete mix that provides effec-
tive protection against ionizing radiation while meeting
structural and performance requirements.

5.1 | Mix proportions and aggregate
selection

Mix proportions and aggregate selection are important
factors in the design and construction of radiation shield-
ing concrete. The composition of the concrete must be
carefully determined to achieve the desired level of radia-
tion attenuation while maintaining structural integrity
and workability. The selection of aggregates plays a cru-
cial role in the radiation shielding properties of the con-
crete. Aggregates with high atomic numbers, such as
borates, lead, bismuth, or barite, are commonly used due
to their ability to effectively absorb and scatter radiation.
These aggregates contain elements that have a high
capacity for attenuating gamma rays and neutrons,
thereby reducing their penetration through the material.

In their study, Khalaf et al.115 investigated the aggre-
gate selection for radiation shielding concrete by examin-
ing the physicomechanical and gamma-ray shielding
properties of high-strength heavyweight concrete con-
taining steel furnace slag (SFS) aggregate. The
researchers aimed to explore the potential of SFS as an
aggregate material for radiation shielding applications.
They conducted a series of tests to evaluate the mechani-
cal properties, such as compressive strength and density,
as well as the gamma-ray attenuation characteristics of

FIGURE 17 Factors and considerations for design and formulation of radiation shielding concrete.
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the concrete specimens. The HVL, TVL, and mass attenu-
ation coefficient (μ) of the SFS concrete were evaluated at
a photon energy of 59.54 keV using the Am 241 radioac-
tive source. The results obtained are summarized in
Table 1. Figure 18 illustrates the variation in μ for differ-
ent radiation shielding capabilities of various mixes of
very high-strength heavyweight concrete (VHSHWC),
namely C1S2G4, C1S1.5G3, C1S2G3, C1S2.5G3,
C1S2.5G2.5, C1S2.5G2, and C1S3G2, in terms of gamma
rays emitted by the Am 241 source. It was observed that
the μ of the SFS concrete mixes increased with the den-
sity of the shield concrete. This finding aligns with theo-
retical expectations, as higher material density leads to
more internal electrons, resulting in increased interac-
tions. Consequently, a greater energy loss corresponds to
higher attenuation, as demonstrated in Figure 19. The
findings revealed that the inclusion of SFS aggregate in
the concrete mix led to improved density and enhanced
gamma-ray shielding effectiveness. This research pro-
vides valuable insights into the aggregate selection for
the development of radiation shielding concrete with
superior performance.

The mix proportions of the concrete involve deter-
mining the appropriate ratios of cement, water, and
aggregates. The water-to-cement ratio affects the work-
ability and strength of the concrete, and it must be care-
fully controlled to ensure proper hydration and bonding
of the ingredients. The aggregate-to-cement ratio deter-
mines the density and packing of the concrete, which
directly influences its radiation shielding effectiveness.
El-Samrah et al.116 investigated the impact of mix design
on the performance of radiation shielding concrete. Their
study focused on modified concrete mixes and their suit-
ability for dry storage casks. By varying factors such as
aggregate type, size, cementitious materials, and supple-
mentary additives, the researchers assessed the radiation
shielding properties of the concrete. They observed that
different mix designs resulted in varying mass

attenuation coefficients, which directly affect radiation
shielding effectiveness. When comparing the photon
shielding potential of different concrete mixes, it is
important to consider the composition and density of the
mix. This comparison involves analyzing the linear atten-
uation coefficient (μ) and derived parameters such as the
HVL, TVL, and MFP. In Figure 20, the values of μ and
these derived parameters were examined within the spec-
ified energy range. Table 2 provides the values of μ and
HVL for selected energy values that correspond to the
energy ranges predominantly influenced by the three dis-
cussed interaction mechanisms. By evaluating these
parameters, a comprehensive understanding of the con-
crete's photon shielding effectiveness can be obtained.

In addition to the aggregate selection and mix propor-
tions, the use of admixtures may be necessary to improve
specific properties of the concrete. Admixtures can
enhance the workability, durability, and setting time of
the concrete, making it easier to handle during construc-
tion and improving its long-term performance. The pro-
cess of determining the optimal mix proportions and
aggregate selection involves a combination of experimen-
tal and computational techniques. Laboratory tests, such
as gamma-ray and neutron attenuation measurements,
are conducted to assess the radiation shielding properties
of different concrete mixes. Computational modeling and
simulation studies can also be employed to predict the
radiation attenuation characteristics and optimize
the design parameters. It is important to note that while
the focus is on achieving effective radiation shielding,
other factors such as mechanical strength, durability, and
workability should not be overlooked. The concrete must
meet structural requirements and be able to withstand
the expected loads and environmental conditions.

5.2 | Optimization techniques for
radiation shielding properties

Optimization techniques for radiation shielding proper-
ties of concrete involve a comprehensive and systematic
approach to fine-tune various aspects of concrete compo-
sition, design, and properties. The goal is to maximize the
efficiency and effectiveness of radiation attenuation,
ensuring the highest level of protection against harmful
radiation. One important aspect of optimization is the
selection and incorporation of high-density aggregates
into the concrete mix. Aggregates with high atomic num-
bers, such as bismuth, lead, or barite, have strong interac-
tion capabilities with radiation. These aggregates
effectively absorb and scatter radiation, reducing its pene-
tration through the concrete. By carefully choosing and
incorporating these aggregates into the concrete mix,

TABLE 1 Relationship between half-value layer (HVL), tenth-

value layer (TVL) and linear attenuation coefficients (μ) of steel

furnace slag concrete mixes.115

Mixes μ (cm�1) HVL (cm) TVL (cm)

C1S2G4 0.0300 23.10 76.75

C1S1.5G3 0.2220 3.12 10.37

C1S2G3 0.3001 2.30 7.67

C1S2.5G3 0.1999 3.46 11.51

C1S2.5G2.5 0.2299 3.01 10.01

C1S2.5G2 0.2289 3.02 10.05

C1S3G2 0.2577 2.68 8.93
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researchers can significantly enhance its radiation shield-
ing properties.

The addition of reinforcing fibers, such as steel or
polymer fibers, is another key optimization technique.
These fibers not only improve the mechanical properties
and structural integrity of the concrete but also contrib-
ute to its radiation attenuation capabilities. The fibers act
as secondary barriers, intercepting and dispersing the
radiation, thereby reducing its harmful effects. Through
the careful selection and distribution of reinforcing fibers,
the overall radiation shielding performance of the
concrete can be optimized. Optimization also involves
adjusting the mix proportions and particle size distribu-
tion of the concrete. The ratios of different constituents,
such as cement, aggregates, and water, can be optimized
to achieve the desired density and radiation attenuation
characteristics. Furthermore, the particle size distribution
can be fine-tuned to enhance the interactions between
radiation and the concrete matrix. By optimizing these
factors, researchers can improve the absorption and

scattering of radiation, resulting in enhanced radiation
shielding properties.

Advanced computer simulations, particularly Monte
Carlo methods, are widely employed in the optimization
process. These simulations allow researchers to model
and analyze the behavior of radiation within different
concrete compositions. By simulating the interactions
between radiation and the concrete matrix, researchers
can evaluate various scenarios and assess the effective-
ness of different materials and configurations. This
enables them to identify optimal concrete formulations
that offer superior radiation attenuation and shielding
performance. The study by Al-Affan et al.117 explored the
application of Monte Carlo simulation in radiation
shielding concrete. Using the FLUktuierende KAskade
(FLUKA) code, they simulated photons backscattering
from lead layers of varying thicknesses over concrete for
energies ranging from 0.25 to 20 MeV. Monte Carlo simu-
lation, a powerful computational technique, enables
accurate modeling of particle behavior. The research

FIGURE 18 The relationship

between μ and density of steel furnace

slag (SFS) concretes.115

FIGURE 19 Transmitted

intensity in high- and low-density

materials.115
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FIGURE 20 μ, half-value layer (HVL), tenth-value layer (TVL), and mean free path (MFP) for the eight concrete mixes.116

TABLE 2 Values of μ and half-value layer (HVL) for selected photon energy values.116

Property
Eγ
(MeV)

Mix design no. 1 Mix design no. 2

Do_1 Ba_1 Ilm_1 Cel_1 Do_2 Ba_2 Ilm_2 Cel_2

μ (cm�1) (%
increase)

0.031 3.101 (�) 10.48 (238) 7.969 (157) 12.39 (300) 3.111 (�) 11.47 (269) 8.608 (177) 13.59 (337)

0.081 0.523 (�) 3.680 (604) 0.875 (67.3) 1.204 (130) 0.531 (�) 4.103 (673) 0.928 (75) 1.300 (145)

0.356 0.239 (�) 0.338 (41) 0.286 (20) 0.290 (21) 0.247 (�) 0.356 (44) 0.297 (20) 0.302 (22)

0.662 0.183 (�) 0.230 (26) 0.217 (19) 0.217 (19) 0.187 (�) 0.240 (28) 0.226 (21) 0.226 (21)

1.173 0.139 (�) 0.169 (22) 0.165 (19) 0.164 (18) 0.142 (�) 0.176 (24) 0.171 (20) 0.170 (20)

1.332 0.130 (�) 0.158 (22) 0.154 (19) 0.154 (19) 0.133 (�) 0.165 (24) 0.160 (20) 0.160 (20)

5 0.068 (�) 0.092 (35) 0.084 (24) 0.084 (24) 0.070 (�) 0.096 (37) 0.087 (24) 0.088 (26)

10 0.055 (�) 0.083 (51) 0.071 (28) 0.071 (29) 0.056 (�) 0.088 (57) 0.074 (32) 0.074 (33)

HVL (cm) (%
decrease)

0.031 0.224 (�) 0.066 (71) 0.087 (61) 0.056 (75) 0.223 (�) 0.060 (73) 0.081 (64) 0.051 (77)

0.081 1.326 (�) 0.188 (86) 0.792 (40) 0.576 (57) 1.306 (�) 0.169 (87) 0.747 (43) 0.533 (59)

0.356 2.902 (�) 2.049 (29) 2.424 (17) 2.390 (18) 2.806 (�) 1.945 (31) 2.331 (17) 2.297 (18)

0.662 3.785 (�) 3.013 (20) 3.190 (16) 3.190 (16) 3.704 (�) 2.886 (22) 3.072 (17) 3.071 (17)

1.173 4.983 (�) 4.095 (18) 4.205 (16) 4.219 (15) 4.876 (�) 3.933 (20) 4.054 (17) 4.067 (17)

1.332 5.314 (�) 4.377 (18) 4.491 (16) 4.505 (15) 5.202 (�) 4.205 (19) 4.325 (17) 4.340 (17)

5 10.12 (�) 7.538 (26) 8.251 (19) 8.240 (19) 9.913 (�) 7.185 (28) 7.925 (20) 7.914 (20)

10 12.65 (�) 8.329 (34) 9.828 (22) 9.765 (23) 12.39 (�) 7.869 (37) 9.406 (24) 9.338 (25)
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focused on understanding backscattering phenomena,
essential for assessing radiation shielding efficiency. By
studying the effects of lead thickness on backscattering,
particularly at different incident photon energies, the
study contributes to the optimization of radiation shield-
ing designs for applications in medical facilities and
nuclear power plants, advancing safety and protection
measures. A comparison between the backscattered pho-
tons of ordinary concrete of National Council on Radia-
tion Protection and Measurements (NCRP) data and
FLUKA calculations as a function of reflection angles is
shown in Figure 21.

In addition to Monte Carlo simulations, advanced
optimization techniques such as genetic algorithms,
neural networks, and mathematical modeling are uti-
lized. These techniques explore a wide range of design
parameters and constraints to identify the most effi-
cient combinations of materials, proportions, and prop-
erties for radiation shielding concrete. By considering
multiple factors simultaneously, researchers can find
optimal solutions that balance radiation attenuation
effectiveness, mechanical properties, and other rele-
vant considerations.

The application of optimization techniques for radia-
tion shielding concrete is crucial in various industries
where radiation protection is essential. For instance, in
nuclear power plants, medical facilities, and research lab-
oratories, optimized concrete compositions provide a cru-
cial barrier against radiation exposure for workers, the
general public, and the environment. By minimizing
the risks associated with radiation, these optimized con-
crete formulations contribute to safer and more reliable
radiation shielding solutions.

5.3 | Incorporation of additives and
admixtures

The incorporation of additives and admixtures in radia-
tion shielding concrete plays a significant role in enhanc-
ing its radiation attenuation properties and overall
performance. These additional materials are strategically
selected and added to the concrete mix to improve its
effectiveness as a radiation barrier. One commonly used
additive is high-density aggregate, such as bismuth, bar-
ite, or lead.38,69,118 These aggregates have high atomic
numbers, which enable them to interact strongly with
radiation. When incorporated into the concrete mix, they
effectively absorb and scatter radiation, reducing its pene-
tration and attenuating its energy.119 The high-density
aggregate acts as a primary shield enhancing the overall
radiation shielding capability of the concrete.71 In addi-
tion to high-density aggregates, other additives and
admixtures can be used to enhance specific properties of
the radiation shielding concrete. For example, plasticizers
and superplasticizers are often added to improve work-
ability, flowability, and compaction of the concrete mix.
These additives help achieve a homogeneous and well-
compacted concrete structure, ensuring that there are no
voids or gaps that could compromise its radiation shield-
ing efficiency.

Fibers, such as steel or polymer fibers, are also com-
monly incorporated as additives in radiation shielding
concrete. These fibers enhance the mechanical properties
of the concrete and provide secondary shielding effects.
By dispersing radiation and reducing its direct pathway,
the fibers contribute to improved radiation attenuation.
They also enhance the tensile strength and crack

FIGURE 21 Comparisons between the

backscattered photons of ordinary concrete

of NCRP data and FLUKA Monte Carlo

code calculations as a function of reflection

angles (with respect to the incident

trajectory, normal to the surface).117
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resistance of the concrete, ensuring its durability and
long-term performance. Furthermore, mineral admix-
tures like fly ash, silica fume, or metakaolin can be uti-
lized in radiation shielding concrete.120,121 These
materials not only enhance the physical and mechanical
properties of the concrete but also contribute to its radia-
tion attenuation capabilities. The pozzolanic reactions of
these mineral admixtures improve the densification of
the concrete matrix, reducing its permeability and
enhancing its radiation shielding effectiveness. Chemical
admixtures, such as water reducers or air entraining
agents, can be employed to modify specific properties of
radiation shielding concrete. Water reducers help in
achieving higher densities by reducing the water content
of the mix, while air entraining agents introduce micro-
scopic air bubbles that enhance freeze–thaw resistance
and reduce permeability. The incorporation of additives
and admixtures in radiation shielding concrete is often
determined through experimental investigations and
optimization studies. Researchers evaluate the effects of
different materials and proportions on the radiation
attenuation properties, mechanical strength, and other
relevant characteristics of the concrete.122–124 This itera-
tive process allows for the selection of the most suitable
additives and admixtures that optimize the overall perfor-
mance of the radiation shielding concrete.

5.4 | Quality control and testing

Quality control and testing are essential aspects of ensur-
ing the effectiveness and reliability of radiation shielding
concrete. The following measures are commonly
employed to evaluate and maintain the quality of radia-
tion shielding concrete:

1. Raw material testing: The quality of raw materials
used in the production of radiation shielding concrete,
such as aggregates, cement, additives, and admixtures,
must be assessed. Various tests, including chemical
analysis, particle size distribution, and specific gravity,
are conducted to verify the compliance of materials
with specified standards and requirements.

2. Proportioning and mixing: Accurate proportioning
and thorough mixing of concrete ingredients are cru-
cial for achieving the desired radiation shielding prop-
erties. The mix design should be based on laboratory
testing and optimization to ensure the desired density,
strength, and radiation attenuation capabilities. Qual-
ity control measures involve monitoring the batching
process, verifying the accuracy of proportions, and
inspecting the mixing process to ensure consistency
and uniformity.

3. Slump and workability testing: Slump tests are per-
formed to assess the workability and consistency of
radiation shielding concrete. This test measures the
vertical settlement of the concrete mix under its
own weight, providing an indication of its plasticity
and ease of placement. Proper workability is impor-
tant for achieving adequate compaction and ensur-
ing the concrete's ability to effectively shield
radiation.

4. Density and compressive strength testing: Density and
compressive strength are critical properties of radia-
tion shielding concrete. Density is measured using
various methods, including water displacement and
nuclear density gages, to verify that the concrete
achieves the desired high-density characteristics.
Compressive strength tests are conducted at various
curing ages to ensure that the concrete meets the spec-
ified strength requirements for radiation shielding
applications.

5. Radiographic testing: Radiographic testing involves
the use of x-ray or gamma-ray imaging techniques to
assess the uniformity and integrity of radiation shield-
ing concrete. This non-destructive testing method can
identify voids, cracks, or other defects that may com-
promise the concrete's radiation attenuation capabili-
ties. Radiographic testing is particularly important in
large-scale applications where the concrete structure
is inaccessible for visual inspection.

6. Radiation attenuation testing: To evaluate the radia-
tion shielding performance of the concrete, specific
radiation attenuation tests are conducted. These tests
involve exposing the concrete samples to various types
and energies of radiation and measuring the attenua-
tion level. The results are compared against regulatory
requirements and industry standards to ensure that
the concrete provides the desired level of radiation
protection.

7. Quality assurance documentation: Proper documenta-
tion is essential for maintaining quality control in
radiation shielding concrete. This includes recording
the test results, mix proportions, curing conditions,
and any deviations from the specified requirements.
The documentation serves as a reference for quality
assurance and provides valuable information for
future inspections, assessments, and maintenance of
the concrete structure.

By implementing comprehensive quality control mea-
sures and conducting rigorous testing, radiation shielding
concrete can be produced and verified to meet the
required specifications and performance criteria. This
ensures that the concrete effectively attenuates radiation
and provides reliable protection in various applications,
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including nuclear power plants, medical facilities, and
research laboratories.

Quality control in radiation shielding concrete is
vital to ensure its effectiveness and reliability. It starts
with raw material testing, including chemical analysis
and particle size distribution, to ensure compliance
with standards like American Society for Testing and
Materials (ASTM) C33 and ASTM C150. Accurate pro-
portioning and mixing are crucial, guided by laboratory
tests and monitored to adhere to ASTM C94. Slump
tests, following ASTM C143, assess workability and
consistency for effective placement and compaction.
Density and compressive strength are measured, with
standards such as ASTM C39 ensuring the concrete
meets performance requirements. Radiographic testing
identifies defects that could impact shielding effective-
ness, and radiation attenuation tests verify that the
concrete provides adequate protection according to
standards like ISO 8995. Comprehensive documenta-
tion of test results and mix conditions, in line with ISO
9001, supports ongoing quality assurance and facili-
tates future inspections. This rigorous quality control
ensures reliable radiation protection in critical
applications.

6 | EVALUATION OF RADIATION
SHIELDING EFFECTIVENESS

The evaluation of radiation shielding effectiveness of
concrete is a crucial step in ensuring the safety and
efficiency of structures in radiation-prone environ-
ments. Figure 22 highlights evaluation methods, stan-
dards, measurement of gamma-ray attenuation,
neutron shielding evaluation, and recommended future
research for evaluating radiation shielding effective-
ness in concrete. Various methods are employed to
assess the concrete's ability to attenuate radiation,
including experimental measurements and computa-
tional simulations.125–127 Experimental techniques
involve exposing concrete samples to different types
and energies of radiation and measuring the transmit-
ted radiation. These measurements help determine the
concrete's shielding properties, such as the mass atten-
uation coefficient, TVL thickness, and HVL thick-
ness.128,129 Computational simulations, using radiation
transport codes, provide insights into the radiation
interactions within the concrete and help optimize the
design and composition for enhanced shielding effec-
tiveness. These evaluations guide the selection and
optimization of radiation shielding concrete for appli-
cations such as nuclear power plants, radiology facili-
ties, and radioactive waste storage facilities.

6.1 | Experimental methods and
standards

Evaluation of the radiation shielding effectiveness of con-
crete involves the use of experimental methods and
adherence to specific standards and guidelines. These
procedures ensure accurate and reliable measurement of
the concrete's shielding properties. One commonly
employed experimental method is the transmission
method.3,130 In this approach, concrete samples are
placed between a radiation source and a detector. The
transmitted radiation is measured, and parameters such
as the mass attenuation coefficient and linear attenuation
coefficient can be calculated. These coefficients indicate
how effectively the concrete attenuates or reduces the
intensity of the radiation passing through it.

Another experimental technique is the scattering
method.131,132 It involves analyzing the scattered radia-
tion from the concrete sample. By measuring the angular
distribution of the scattered radiation, information about
the scattering properties and the ability of the concrete to
redirect or scatter radiation can be obtained. To ensure
consistency and comparability of results, standardized
experimental procedures and guidelines are followed.
International organizations such as the International
Atomic Energy Agency (IAEA) and the ASTM provide
specific standards for experimental testing of radiation
shielding materials, including concrete. These standards
outline the sample preparation, measurement tech-
niques, data analysis, and reporting requirements.

The experimental methods are often complemented by
computational simulations, such as Monte Carlo methods,
which can provide detailed insights into the interactions of
radiation within the concrete. These simulations help vali-
date experimental results and provide a deeper understand-
ing of the shielding mechanisms and radiation transport
properties. By employing these experimental methods and
adhering to established standards, researchers and engi-
neers can obtain accurate data on the radiation shielding
effectiveness of concrete. This information is crucial for
designing and optimizing concrete compositions for effec-
tive radiation protection in various applications, including
nuclear power plants, medical facilities, and radioactive
waste management facilities. It also contributes to the
development of reliable guidelines and regulations for radi-
ation safety in these industries.

6.2 | Measurement of gamma-ray
attenuation

The measurement of gamma-ray attenuation in radiation
shielding concrete is an important aspect of evaluating its
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effectiveness as a radiation barrier. Various techniques
are used to quantify the attenuation properties of the con-
crete. One commonly employed method is the gamma-
ray transmission method. In this approach, a gamma-ray
source is positioned on one side of the concrete sample,
and a radiation detector is placed on the opposite side.
The intensity of the transmitted gamma rays is measured,
and the attenuation factor can be calculated by compar-
ing it to the initial intensity of the source. This method
provides valuable information about the ability of the
concrete to reduce the intensity of gamma radiation pass-
ing through it.

Another technique is the use of scintillation detectors.
These detectors utilize scintillating materials that emit
flashes of light when struck by gamma rays. By measur-
ing the intensity of the scintillation light, the attenuation
properties of the concrete can be determined. Scintilla-
tion detectors are particularly useful for assessing the
energy-dependent attenuation characteristics of the con-
crete. In addition to direct measurements, indirect
methods can be employed to evaluate gamma-ray attenu-
ation. For instance, indirect measurements based on the
detection of scattered gamma rays can provide informa-
tion about the scattering properties of the concrete. By
analyzing the scattered radiation at different angles,
researchers can determine the scattering cross-section
and assess the ability of the concrete to scatter
gamma rays.

The measurement of gamma-ray attenuation in radia-
tion shielding concrete requires the use of appropriate
calibration techniques and quality control measures. It is

crucial to account for factors such as detector efficiency,
background radiation, and sample geometry during the
measurements to ensure accurate results. Additionally,
compliance with relevant standards and guidelines, such
as those provided by the American National Standards
Institute (ANSI) or the IAEA, is essential to ensure con-
sistency and comparability of data. Accurate measure-
ment of gamma-ray attenuation in radiation shielding
concrete plays a vital role in the design and optimization
of shielding materials for applications in nuclear power
plants, radiography facilities, and other industries involv-
ing ionizing radiation. The data obtained from these mea-
surements aid in the development of effective shielding
strategies and contribute to ensuring the safety of person-
nel and the public in radiation-prone environments.

The reviewed studies provided valuable insights into
the gamma-ray attenuation properties of concrete mate-
rials, addressing different factors that influenced shield-
ing effectiveness. The research by Makarious et al.133 on
heavy concrete showcased the importance of utilizing
suitable materials with high density characteristics for
effective radiation shielding. The study by Fugaru
et al.134 expanded on this by investigating the shielding
properties of various concrete compositions, offering a
comprehensive understanding of their attenuation coeffi-
cients. The research by Akkurt et al.129 shed light on the
impact of chemical corrosion on gamma-ray attenuation
in concrete, highlighting the need to consider envi-
ronmental factors in shielding material performance. Dez-
hampanah et al.135 and Farid et al.136 explored the use of
additives, such as nano-TiO2 and gamma-ray computed

FIGURE 22 Evaluation of radiation shielding effectiveness in radiation shielding concrete. ASTM, American Society for Testing and

Materials; IAEA, International Atomic Energy Agency.
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tomography, respectively, to enhance the shielding capa-
bilities and measurement accuracy of concrete.

While the reviewed studies provided valuable contri-
butions, there were some limitations to consider. First,
the research papers predominantly focused on specific
aspects of gamma-ray attenuation in concrete, potentially
limiting the overall understanding of the material's
shielding performance. Additionally, some studies had
relatively narrow scopes, such as Akkurt et al.,129 which
solely examined the impact of chemical corrosion on a
specific type of concrete. Furthermore, there was a lack
of standardization in measurement techniques, making it
challenging to compare and generalize the findings
across different studies. Variations in experimental
setups, sample compositions, and measurement methods
hindered the ability to establish consistent conclusions.

To advance the field of gamma-ray attenuation in
concrete shielding materials, several areas warranted fur-
ther exploration. Standardization of measurement tech-
niques and protocols was crucial for ensuring accurate
and comparable results. Establishing standardized proce-
dures would enable researchers to assess and compare
shielding properties more effectively. Moreover, future
studies should consider the long-term durability of con-
crete shielding materials under various environmental
conditions. Investigating the effects of aging, moisture,
and temperature on gamma-ray attenuation properties
would provide a more comprehensive understanding of
concrete's long-term performance as a radiation shield.
Furthermore, exploring the incorporation of advanced
materials, such as nanomaterials or innovative composite
designs, could offer new possibilities for enhancing the
attenuation capabilities of concrete. Research on optimiz-
ing the composition, density, and homogeneity of con-
crete mixes could lead to the development of more
efficient and sustainable shielding materials.

6.3 | Neutron shielding evaluation

The evaluation of neutron shielding effectiveness in radi-
ation shielding concrete involves the use of various tech-
niques to assess the material's ability to attenuate
neutron radiation. Here are some commonly employed
evaluation techniques:

1. Neutron flux measurement: This technique involves
measuring the neutron flux on both the source and
shielded sides of the concrete sample using neutron
detectors. By comparing the neutron flux before and
after passing through the concrete, the attenuation
properties can be determined. Different types of neu-
tron detectors, such as gas-filled detectors or

scintillation detectors, may be used depending on the
specific requirements of the measurement.

2. Activation analysis: Activation analysis involves irra-
diating the concrete sample with neutrons and subse-
quently analyzing the induced radioactivity. The level
of induced radioactivity is proportional to the neutron
fluence, allowing for the calculation of neutron atten-
uation properties. Activation analysis is useful for
determining the neutron transmission and absorption
characteristics of the concrete.

3. Monte Carlo simulations: Monte Carlo simulations
utilize computer modeling and simulation techniques
to evaluate neutron shielding effectiveness. These sim-
ulations involve simulating the interaction of neu-
trons with the concrete at the atomic level, taking into
account various parameters such as material composi-
tion, geometry, and neutron energy. By running mul-
tiple simulations, the neutron attenuation properties
of the concrete can be determined and optimized.

4. Time-of-flight technique: The time-of-flight technique
measures the time taken for neutrons to travel
through the concrete sample. By comparing the flight
times of neutrons with and without the concrete
shield, the neutron transmission properties can be
assessed. This technique is particularly effective for
evaluating the attenuation of fast neutrons.

5. Scattering cross-section analysis: Neutron scattering
cross-section analysis involves measuring the scatter-
ing of neutrons by the concrete sample. By analyzing
the scattering pattern and cross-section data, the abil-
ity of the concrete to scatter and redirect neutrons can
be evaluated. This technique provides insights into
the scattering effectiveness of the material for differ-
ent neutron energies.

It is important to note that neutron shielding evalua-
tion techniques may vary depending on the specific
requirements and applications. Proper calibration and
validation of measurement instruments, adherence to rel-
evant standards and guidelines (e.g., ASTM, ANSI, or
IAEA), and consideration of environmental factors such
as temperature and moisture are crucial for accurate and
reliable neutron shielding evaluations in radiation shield-
ing concrete.

The research conducted by Gallego et al.137 and
Okuno et al.138 highlighted the testing and development
of high-density concrete for neutron shielding. These
studies demonstrated the importance of optimizing mate-
rial composition and density to achieve effective neutron
attenuation. Additionally, DiJulio et al.139 proposed a
novel polyethylene-B4C-based concrete, which exhibited
enhanced neutron shielding capabilities, particularly suit-
able for neutron research facilities. The study by
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Zalegowski et al.88 investigated the relationship between
microstructure, technical properties, and neutron radia-
tion shielding efficiency. The findings provided valuable
insights into the impact of concrete's internal structure
on its shielding effectiveness, aiding in the design
and optimization of neutron shielding materials.
Piotrowski140 offered a comprehensive review of neutron
shielding evaluation techniques in concretes and mortars.
The paper provided a valuable overview of various mea-
surement methods, highlighting their advantages and
limitations. This review served as a valuable resource for
researchers and practitioners in the field of neutron
shielding. Furthermore, Ali et al.141 explored the applica-
tion of innovative fiber-reinforced concrete for gamma
and neutron shielding. Their research demonstrated the
potential of incorporating fibers to enhance the shielding
properties of concrete, offering a promising avenue for
future development.

While the reviewed studies presented significant con-
tributions, there were certain limitations to consider.
Some studies focused on specific aspects, such as material
development or evaluation techniques, potentially limit-
ing the overall understanding of neutron shielding in
concrete materials. The generalizability of the findings
may have been affected by variations in experimental
setups, neutron energy ranges, and measurement meth-
odologies employed across different studies. Additionally,
the long-term durability and stability of neutron shield-
ing concretes under various environmental conditions,
including moisture and temperature variations, required
further investigation. Understanding the effects of aging
and degradation on the neutron shielding performance
was crucial for ensuring the sustained effectiveness of the
shielding material over time.

Future research should focus on standardizing mea-
surement techniques and protocols to enable accurate
and consistent evaluation of neutron shielding properties.
This would facilitate the comparison and generalization
of results across different studies and contribute to the
establishment of industry-wide guidelines. Further explo-
ration of innovative materials and composite designs, as
demonstrated by Ali et al.,141 was necessary to optimize
the neutron shielding capabilities of concrete. Investigat-
ing the impact of different fiber types, orientations, and
concentrations on the shielding effectiveness could pro-
vide valuable insights for material design and optimiza-
tion. In addition, the incorporation of advanced modeling
and simulation techniques, such as Monte Carlo simula-
tions, could aid in predicting neutron attenuation proper-
ties and optimizing concrete compositions for specific
neutron energy ranges.

Gamma spectroscopy and Monte Carlo simulations
each offer unique advantages and face specific

challenges. Gamma spectroscopy is highly valued for its
ability to provide excellent energy resolution, enabling
precise identification and quantification of gamma-
ray-emitting isotopes. This non-destructive method is
advantageous in applications like environmental moni-
toring and medical diagnostics. Additionally, advanced
systems can deliver real-time analysis, which is crucial
for immediate decision-making in critical situations.
However, gamma spectroscopy has limitations. It can
struggle with high-radiation levels, which may lead to
detector saturation or reduced resolution. Furthermore, it
is limited to detecting gamma rays, necessitating addi-
tional methods to identify beta or alpha emitters.

Monte Carlo simulations, on the other hand, are power-
ful for modeling complex radiation interactions and geome-
tries, offering detailed insights into scenarios that are
challenging to measure directly. They provide valuable sta-
tistical analysis for optimizing radiation shielding and
dosimetry. Nonetheless, these simulations are computation-
ally intensive, often requiring significant time and
resources, especially for intricate models. Additionally, the
accuracy of Monte Carlo results is heavily dependent on the
quality of input data and model assumptions, which can
introduce uncertainties if not carefully validated.

7 | APPLICATIONS OF
RADIATION SHIELDING
CONCRETE

Radiation shielding concrete has numerous practical appli-
cations across various industries (Figure 23). It is widely
used in nuclear power plants to contain and minimize the
spread of radiation. Medical facilities utilize it in radiation
therapy rooms, diagnostic imaging areas, and laboratories
handling radioactive materials. Industries performing radio-
graphic testing rely on radiation shielding concrete for
worker and environmental safety. Research facilities work-
ing with radioactive materials or conducting nuclear
research also employ it. Transportation and storage of radio-
active materials require the use of radiation shielding con-
crete to minimize radiation leakage. Particle accelerators,
defense installations, and homeland security checkpoints
also utilize this concrete to protect against radiation haz-
ards. The versatile applications of radiation shielding con-
crete ensure safety and radiation protection in various
contexts.

7.1 | Nuclear power plants

Radiation shielding concrete is an indispensable compo-
nent in nuclear power plants due to its diverse
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applications and critical role in radiation protection.
Figure 24 presents examples of nuclear power plants
around the world. One of the key applications of concrete
is in the construction of reactor containment struc-
tures.143,144 These structures are designed to confine the
nuclear reactor and its components, preventing the
release of radiation into the surrounding environment.
Radiation shielding concrete, with its high density and
ability to attenuate radiation, is used to create thick walls
and barriers that effectively contain and absorb the radia-
tion emitted during nuclear reactions.

Another vital application is in the construction of
spent fuel storage pools. These pools house highly radio-
active spent fuel rods, which emit intense radiation. To
ensure the safety of personnel and prevent radiation leak-
age, radiation shielding concrete is employed to line the
walls and floors of these pools. The dense composition of
the concrete acts as a robust shield, minimizing the risk
of radiation exposure. Radiation shielding concrete is also
utilized in the construction of auxiliary buildings within
nuclear power plants. Control rooms, maintenance areas,
and waste storage facilities all require effective shielding
to protect workers and prevent the spread of radiation.
By incorporating radiation shielding concrete into the
walls, floors, and ceilings of these structures, the poten-
tial for radiation hazards is significantly reduced. Fur-
thermore, radiation shielding concrete can be used in the
construction of transportation containers for the safe
handling and transport of radioactive materials. These
containers are designed to prevent radiation leakage dur-
ing storage and transportation, ensuring the safety of
both workers and the public.

Nazarov et al.145 conducted neutron activation analy-
sis (NAA) to optimize radiation shielding in nuclear
power plants. Their study focused on identifying the most
effective shielding materials and their composition.
Bamonte and Gambarova146 highlighted the specific
properties of concrete required in nuclear power plants,
such as density, strength, and durability. These properties
ensure effective radiation attenuation and long-term per-
formance of the shielding structures. Quantification of
radiation exposure and effects: Field et al.147 quantified
radiation exposure and examined the effects of radiation
on concrete used in nuclear power plants. Their work
provided valuable insights into the behavior of concrete
under radiation, including changes in mechanical proper-
ties and potential degradation. Understanding these
effects is crucial for designing durable and reliable radia-
tion shielding concrete.

To improve the performance of radiation shielding
concrete, researchers have explored various approaches.
Han et al.2 discussed the development of radiation shield-
ing concrete with enhanced properties through the incor-
poration of innovative materials and technologies. They
highlighted the use of additives and fibers to enhance
radiation attenuation capabilities while reducing the
weight of the concrete. Kurtis et al.148 focused on design-
ing concrete that can withstand the harsh conditions of
nuclear environments, considering factors like radiation,
high temperatures, and chemical exposure. Their work
aimed to enhance the durability and longevity of radia-
tion shielding concrete. The application of radiation
shielding concrete in nuclear power plants presents cer-
tain challenges. Bakshi and Chu149 discussed the

FIGURE 23 Applications of radiation shielding concrete.
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attenuation of gamma radiation using ClearView Radia-
tion Shielding™, highlighting the need for specialized
shielding materials and techniques. Availability and cost
of specific aggregates pose challenges in the production
of radiation shielding concrete. Regular inspection, main-
tenance, and repair are necessary to ensure long-term
effectiveness.148

Overall, the applications of radiation shielding con-
crete in nuclear power plants are diverse and essential for
maintaining a safe working environment. From reactor
containment structures to spent fuel storage pools and
auxiliary buildings, the use of radiation shielding con-
crete helps mitigate the risks associated with radiation
exposure, protecting personnel, the environment, and the
wider community from potential radiation hazards.

7.2 | Radiotherapy facilities

Radiation shielding concrete finds extensive applications
in radiotherapy facilities, where it plays a crucial role in
ensuring the safety of patients, healthcare professionals,
and the general public. Figure 25 presents schematic
designs and examples of radiation treatment facilities
where concrete has been used for shielding applications.

In large academic centers, depicted in Figure 25a, the
schematic illustrates expansive facilities covering the area
of a football field, featuring multiple treatment rooms.
Figure 25b,c showcase a conceptual design by Matter
Fabs in Ohio, demonstrating an economical service offer-
ing with radiation-shielded concrete vaults. Figure 25d
displays a radiation shielded bunker constructed in 2010
for St. Franziskus Hospital in Flensburg, Germany,
designed for tomotherapy and featuring a sandwich con-
struction with a radiation-shielded door system. The
example in Figure 25e highlights a radiation-shielded
bunker in Centre Hospitalier Sud Francilien, Paris,
France, constructed in 2009, employing sandwich con-
struction and a shielded door system. Lastly, Figure 25f
presents a proton therapy treatment room with a typical
facility structure covered by radiation shielded concrete.

One primary application is in the construction of radia-
tion therapy bunkers or treatment rooms. These specialized
rooms are designed to deliver high-energy radiation beams
to target cancer cells while minimizing radiation exposure
to surrounding areas. Radiation shielding concrete is used
to construct the walls, floors, and ceilings of these rooms to
effectively contain and absorb the radiation, preventing its
escape and reducing the risk of unintended exposure. Addi-
tionally, radiation shielding concrete is utilized in the

FIGURE 24 Nuclear power plants over the world, (a) Temelín Nuclear Power Plant in South Bohemia, Czech Republic, (b) Civaux

nuclear power plant in western France, (c) Tianwan nuclear power plant in Lianyungang, Jiangsu province, China, (d) The Calder Hall

nuclear power station, Cumbria, England, (e) Ikata nuclear power plant in Shikoku island, Japan, and (f) Three Mile Island power plant in

Pennsylvania, United States (Source: photos reproduced with the permission from Ref. 142).

1842 BARBHUIYA ET AL.

 17517648, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202400519 by Test, W

iley O
nline Library on [28/04/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



construction of maze entrances and corridors within radio-
therapy facilities. These areas are designed with a series of
twists and turns to create a path that limits the direct expo-
sure to radiation. By incorporating radiation shielding con-
crete into the walls of mazes and corridors, the scattering of
radiation is minimized, ensuring the safety of personnel
and visitors.

Moreover, radiation shielding concrete is employed in
the construction of storage rooms for radioactive mate-
rials and waste in radiotherapy facilities. These rooms are
designed to safely store and isolate radioactive sources,
shielding individuals from their radiation emissions. The
dense composition of radiation shielding concrete
ensures the containment of radioactive materials, mini-
mizing the potential for exposure and contamination.
Another application is the installation of radiation shield-
ing walls or barriers within treatment rooms. These bar-
riers are strategically placed to protect nearby areas or
sensitive equipment from radiation exposure. Radiation
shielding concrete, with its high-density properties, effec-
tively absorbs and attenuates radiation, preventing its
transmission beyond the intended treatment area.

The studies discussed presented valuable insights into
the optimization and effectiveness of radiation shielding
concrete in radiotherapy facilities. However, it is

important to critically analyze the findings and consider
the broader implications and limitations of the research.
Sarker et al.153 focused on optimizing radiation shielding
concrete for a specific radiotherapy treatment room.
Their study provided valuable information on formulat-
ing concrete with suitable density and composition, but
the generalizability of their findings to other radiotherapy
facilities required further investigation and validation.
Kılınçarslan and Akyol154 emphasized the significance of
construction material selection for enhancing shielding
effectiveness. The study highlighted the importance of
high-density and high atomic-number materials, but it
was important to note that other factors, such as cost,
availability, and practicality, also influenced material
selection. Balancing the desired shielding properties with
practical considerations was crucial in real-world
applications.

The experimental investigation conducted by
Domanski et al.155 provided valuable data on the radia-
tion shielding capabilities of high-performance concrete.
However, it was important to consider that laboratory-
based experiments may not have fully captured the com-
plex and dynamic conditions present in real radiotherapy
facilities. The translation of laboratory findings to practi-
cal applications required careful consideration and

FIGURE 25 Concrete application in radiation treatment facilities: (a) schematic of a large multi-room radiation treatment chamber,

(b and c) Concept of concrete radiation shielding containment structure for medical radiation treatment facility; (d) radiation shielded

bunker in St. Franziskus Hospital, Flensburg, Germany; (e) radiation shielded bunker in Centre Hospitalier Sud Francilien, Paris, France;

and (f) a typical treatment chamber for proton therapy .150–152
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validation through field studies and real-world measure-
ments. Neutron shielding was an important aspect of
radiation protection in radiotherapy facilities. Bevelacqua
and Mortazavi156 discussed the application of neutron
shielding concrete and the use of materials with high
boron or hydrogen content. While their review provided
insights into neutron attenuation, it was important to
note that neutron shielding involved specific challenges
and considerations that required further investigation.
The effectiveness of neutron shielding materials in differ-
ent clinical scenarios and facility designs needed careful
evaluation.

Ban et al.157 provided a comprehensive review of
modern heavyweight concrete shielding, emphasizing the
importance of advanced formulations for efficient radia-
tion attenuation. While their review offered valuable
information, it was important to recognize that the field
of radiation shielding was continuously evolving. New
materials, technologies, and design approaches may have
emerged, presenting both opportunities and challenges
for achieving optimal shielding performance. Ongoing
research and development efforts were necessary to
address these evolving needs. The studies on newly devel-
oped high-density concrete by Kaur et al.158 contributed
to the understanding of radiation shielding properties in
advanced radiotherapy facilities. Their focus on optimiz-
ing concrete composition for enhanced radiation attenua-
tion was commendable. However, it was important to
consider the practical aspects of implementing newly
developed materials, such as production feasibility, cost-
effectiveness, and long-term durability.

7.3 | Nuclear waste storage and disposal

Radiation shielding concrete has significant applications
in nuclear waste storage and disposal facilities. Figure 26
presents examples of different nuclear waste storage and
disposal facilities. These facilities are designed to safely
contain and isolate radioactive waste materials, minimiz-
ing the potential for environmental contamination and
human exposure to radiation. One key application of
radiation shielding concrete is in the construction of stor-
age casks and containers for radioactive waste
(Figure 26a–f). These containers are made using high-
density concrete to provide effective shielding against
radiation. The dense composition of radiation shielding
concrete ensures that the radioactive materials are
securely contained and shielded, reducing the risk of
radiation leakage into the surrounding environment.
Nevertheless, concrete in dry casks undergoes gamma
radiation and is exposed to temperature cycles (freeze–
thaw) as well as moisture conditions caused by weather

patterns over years. Cracks and damage may be devel-
oped due to the results of specific lack of maintenance
and adverse environmental exposure conditions
(Figure 26g,h).

Radiation shielding concrete is also used in the con-
struction of storage vaults and repositories for long-term
storage of nuclear waste. These structures are designed to
provide multiple layers of shielding to prevent the escape
of radiation. The radiation shielding concrete walls, floors,
and ceilings effectively attenuate and absorb radiation,
ensuring the long-term safety and integrity of the storage
facility. Furthermore, radiation shielding concrete is
employed in the construction of engineered barriers and
encasements for nuclear waste disposal. These barriers,
often referred to as engineered containment systems, are
designed to isolate the waste from the environment for an
extended period. Radiation shielding concrete is used as a
primary component in these barriers, providing a durable
and robust shield against radiation and preventing the
migration of radioactive materials.

Several studies have investigated the application of
concrete in this field, providing insights into its effective-
ness and the challenges associated with radioactive waste
management. Maki and Ohnuma164 focused on the appli-
cation of concrete in the treatment and disposal of radio-
active waste in Japan. Their study highlighted the use of
concrete structures, such as containers and vaults, for the
immobilization and storage of radioactive materials. The
research underscored the importance of concrete's dura-
bility, chemical resistance, and radiation shielding prop-
erties in maintaining the integrity and safety of waste
storage facilities. Davidovits165 provided an overview of
recent advancements in concretes for nuclear waste and
uranium waste containment. The study discussed the
development of specialized concretes that offer enhanced
resistance to leaching, corrosion, and radiation damage.
These concretes aimed to provide long-term stability and
prevent the release of radioactive contaminants into the
environment.

Koť�atkov�a et al.166 focused on the use of concrete and
cement composites for radioactive waste deposition. The
research highlighted the importance of selecting appro-
priate concrete mixes with specific characteristics, such
as low porosity and high chemical durability, to ensure
effective containment of radioactive materials. The study
also emphasized the importance of considering the long-
term behavior of the concrete and its ability to withstand
environmental factors and degradation mechanisms.174

investigated the improvement in the design of shielding
containers for intermediate-level radioactive waste. Their
research focused on enhancing the structural integrity
and radiation shielding properties of containers used for
waste transportation and storage. The study emphasized
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the importance of optimizing container design parame-
ters, such as thickness, composition, and configuration,
to achieve the desired shielding performance and ensure
the safe handling and storage of radioactive waste.

Overall, these studies provide valuable insights into
the use of radiation shielding concrete in nuclear waste
storage and disposal. They highlight the importance of
concrete's properties, including durability, chemical resis-
tance, radiation shielding capability, and long-term sta-
bility. However, ongoing research and development
efforts are necessary to address the evolving challenges
and requirements associated with radioactive waste man-
agement. Continued advancements in concrete technol-
ogy and design will play a crucial role in ensuring the
safe and effective containment of radioactive materials in
the long term.

In addition to the structural applications, radiation
shielding concrete is utilized in the construction of
shielding walls, floors, and ceilings within nuclear waste
handling and processing areas. These areas require effec-
tive radiation shielding to protect workers and the envi-
ronment during waste handling operations. By using

radiation shielding concrete, the facility can minimize
radiation exposure and ensure the safety of personnel
involved in waste management activities.

7.4 | Transportation of radioactive
materials

Radiation shielding concrete plays a crucial role in the
transportation of radioactive materials. It is used to
construct specialized containers and transport pack-
ages that ensure the safe and secure movement of
radioactive substances. One key application of radia-
tion shielding concrete in transportation is the con-
struction of radioactive material transport containers.
These containers are designed to meet stringent regula-
tory requirements and provide effective shielding
against radiation. The use of radiation shielding con-
crete in their construction ensures that the radioactive
materials are safely contained and shielded during
transit, minimizing the risk of radiation exposure to
both the transport personnel and the public.

FIGURE 26 Nuclear waste and disposal facilities and fact, (a) horizontally oriented concrete dry casks, and (b) oriented vertically,159

(c) Gorleben interim dry storage facility site view, (d) an interior view that shows arranged vertical CASTOR casks stored indoor in the same

facility,160 (e) HI-STORM Underground MAXimum Storage (UMAX) design features, (f) the site view of Callaway Nuclear Power Plant

(NPP) UMAX Facility in the United States (Source: adapted from Ref. 161), (g) Environmental conditions and cycles affecting concrete dry

casks,162 and (h) Observed cracking of concrete dry casks on Three Mile Island.163
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Additionally, radiation shielding concrete is employed
in the construction of transport casks and drums for the
packaging of radioactive materials. These casks and
drums are engineered to withstand various transportation
conditions, including road, rail, and air transport. The
radiation-shielding properties of the concrete used in
their construction help to attenuate and absorb radiation,
preventing its leakage into the surrounding environment.
Moreover, radiation shielding concrete is utilized in the
design and construction of transportation routes and
facilities for radioactive materials. Specialized roads, brid-
ges, and tunnels are constructed with radiation shielding
concrete to minimize radiation exposure during transpor-
tation. These infrastructures ensure that the transport
routes are safe and secure, reducing the risks associated
with potential accidents or incidents involving radioac-
tive materials. Furthermore, radiation shielding concrete
is also used in the construction of storage and handling
facilities at transportation hubs. These facilities serve as
intermediate points for the transfer and temporary stor-
age of radioactive materials during transportation. The
use of radiation shielding concrete in their construction
helps to create a shielded environment, protecting per-
sonnel and the surrounding areas from potential radia-
tion hazards.

Several studies have explored the use of radiation
shielding concrete in this context, addressing various
aspects of design, performance, and material selection.
Issard167 discussed radiation protection by shielding in
packages for radioactive materials. The study provided an
overview of the principles and requirements of radiation
shielding in transportation packages. It emphasized the
importance of designing packages with adequate shield-
ing thickness and composition to minimize radiation
exposure during transport. Han et al.168 focused on the
assessment of gamma-radiation shielding properties of
concrete containers containing recycled coarse aggre-
gates. The research aimed to evaluate the feasibility of
utilizing recycled materials in concrete containers while
ensuring the required shielding effectiveness. The study
highlighted the importance of maintaining appropriate
shielding properties and structural integrity in containers
containing recycled aggregates.

Othman et al.169 proposed a conceptual design of an
ultra-high-performance fiber-reinforced concrete nuclear
waste container. The study aimed to enhance the perfor-
mance and durability of the container by incorporating
advanced concrete materials. The research emphasized
the importance of developing concrete containers with
superior mechanical properties, long-term stability, and
enhanced shielding capabilities. Sayyed et al.51 investi-
gated the development of novel shielding mortars for
radiation source transportation and storage. The study

focused on the optimization of mortar compositions to
achieve effective radiation shielding while maintaining
the necessary mechanical and durability characteristics.
The research highlighted the potential of innovative mor-
tar formulations for enhancing the safety and efficiency
of radiation source transportation. Tekin et al.170 com-
pared heavy metal oxide-added glassy portable containers
with reinforced concrete containers for nuclear waste
management applications. The study explored the poten-
tial advantages of glassy portable containers in terms of
radiation shielding, structural integrity, and long-term
performance. The research emphasized the need to con-
sider various factors, such as material properties, fabrica-
tion processes, and cost-effectiveness, when selecting
containers for nuclear waste transportation.

These studies collectively contribute to our under-
standing of the use of radiation shielding concrete in the
transportation of radioactive materials. They highlight
the importance of designing containers with appropriate
shielding thickness, composition, and mechanical proper-
ties to ensure effective radiation attenuation. Further
research and development efforts are necessary to explore
innovative materials and design approaches that can
enhance the safety and efficiency of radioactive material
transportation.

8 | CHALLENGES AND FUTURE
DIRECTIONS

8.1 | Limitations and drawbacks of
radiation shielding concrete

Radiation shielding concrete offers significant advantages
in providing protection against harmful radiation in vari-
ous applications. However, it also has certain limitations
and drawbacks that need to be considered. Some of these
limitations and drawbacks include:

1. Density and weight: Radiation shielding concrete typi-
cally requires high-density aggregates or heavy addi-
tives such as lead and steel to effectively attenuate
radiation. This results in an increase in the density
and weight of the concrete, making it bulkier and
more challenging to handle and transport. The
increased weight can also impose structural limita-
tions on the construction and may require additional
reinforcement.

2. Cost: The incorporation of heavy materials for radia-
tion shielding purposes can significantly increase the
cost of producing shielding concrete. The procure-
ment and processing of specialized aggregates or addi-
tives can be expensive, making radiation shielding
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concrete a costlier option compared to conventional
concrete. This can pose financial challenges for pro-
jects with budget constraints.

3. Workability and constructability: The high-density
nature of radiation shielding concrete can affect its
workability and constructability. The increased weight
and stiffness make it more difficult to mix, place, and
compact, requiring specialized equipment and tech-
niques. Additionally, the increased density may result
in reduced flowability and increased settling, requir-
ing careful attention during construction.

4. Thermal insulation: Radiation shielding concrete is
typically denser and less thermally insulating com-
pared to regular concrete. This can result in higher
heat transfer through the structure, potentially affect-
ing energy efficiency and thermal comfort. Additional
insulation measures may be required to address these
thermal limitations.

5. Limited design flexibility: The use of heavy aggregates
or additives in radiation shielding concrete can limit
the design flexibility and esthetic options available for
architectural purposes. Achieving intricate shapes or
fine details may be challenging due to the increased
weight and reduced workability of the concrete.

6. Environmental considerations: Some heavy aggregates
or additives used in radiation shielding concrete, such
as lead, may raise environmental concerns due to
their potential toxicity or non-renewable nature.
Proper handling, disposal, and environmental impact
assessments need to be considered to minimize any
adverse effects.

7. Maintenance and durability: The durability of radia-
tion shielding concrete may be influenced by the
choice of aggregates or additives used. Some heavy
materials can lead to increased susceptibility to corro-
sion or degradation over time. Regular maintenance
and monitoring are essential to ensure the long-term
effectiveness and integrity of the shielding properties.

Despite these limitations and drawbacks, radiation
shielding concrete continues to play a crucial role in vari-
ous industries where radiation protection is required.
Ongoing research and technological advancements aim
to address these challenges and improve the performance
and practicality of radiation shielding concrete for future
applications.

8.2 | Emerging technologies and
innovations

When it comes to radiation shielding concrete, there are
several emerging technologies and innovations that

are being explored to improve its effectiveness and per-
formance. Some of these include:

1. High-density aggregates: Researchers are investigating
the use of high-density aggregates, such as heavy-
weight minerals or metal-based aggregates, to
enhance the radiation shielding properties of concrete.
These aggregates have the potential to increase the
overall density of the concrete, thereby improving its
ability to attenuate radiation.

2. Nanoengineered materials: Nanotechnology offers
opportunities to enhance the radiation shielding capa-
bilities of concrete. By incorporating nanoparticles,
such as nano-sized heavy metals or metal oxides, into
the concrete matrix, it is possible to improve its radia-
tion absorption and scattering properties. Nanoengi-
neered materials can also contribute to reducing the
overall weight and thickness of radiation shielding
concrete.

3. Fiber reinforcement: The addition of radiation-
resistant fibers, such as carbon fibers or boron
fibers, can reinforce the concrete matrix and
enhance its radiation shielding performance. These
fibers can effectively absorb and attenuate radia-
tion, improving the overall shielding effectiveness
of the concrete.

4. Computational modeling and simulation: Advanced
computational modeling and simulation techniques,
such as Monte Carlo simulations or finite element
analysis, are being employed to optimize the design
and composition of radiation shielding concrete.
These tools allow researchers to predict and evaluate
the radiation attenuation properties of different con-
crete formulations, aiding in the development of more
effective shielding materials.

5. Sustainable and recycled materials: There is growing
interest in using sustainable and recycled materials as
alternatives in radiation shielding concrete. For exam-
ple, incorporating industrial by-products or waste
materials, such as fly ash or slag, into the concrete
mix can not only enhance its radiation shielding capa-
bilities but also contribute to environmental
sustainability.

These emerging technologies and innovations hold
promise in improving the performance, efficiency, and
sustainability of radiation shielding concrete, making it
more effective for applications in nuclear power plants,
medical facilities, research laboratories, and other set-
tings where radiation protection is crucial. Continued
research and development in these areas are essential for
advancing the field of radiation shielding materials and
ensuring safer environments.
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8.3 | Research gaps

Research on radiation shielding concrete has progressed,
but several significant gaps persist that warrant further
investigation:

1. Material development and enhancement: The quest
for materials with superior radiation shielding proper-
ties remains ongoing. High-density aggregates, such
as barites or hematite, and novel composites like
polymer-based concrete are under exploration. How-
ever, there is a lack of comprehensive data on the
long-term performance of these materials under vary-
ing radiation types and intensities. Further research is
needed to understand how these materials behave
over extended periods, including their durability,
resistance to environmental factors, and degradation
rates. Additionally, the economic feasibility of produc-
ing and utilizing advanced shielding materials needs
more exploration.

2. Design and optimization: Designing effective radiation
shielding concrete involves optimizing various param-
eters, including density, thickness, and composition.
Current design models often rely on empirical data,
which may not fully capture the complexities of radia-
tion interaction with concrete. Advanced computa-
tional models and simulations, supported by detailed
experimental data, are needed to enhance the accu-
racy of design predictions. Research should focus on
developing and validating models that can simulate
the behavior of concrete under different radiation sce-
narios and environmental conditions.

3. Evaluation methods: Existing methods for evaluating
radiation shielding concrete typically focus on short-
term tests and laboratory conditions. To ensure that
concrete performs effectively in real-world applica-
tions, it is crucial to conduct long-term studies that
consider factors such as aging, environmental expo-
sure, and varying radiation types. This includes inves-
tigating the effects of factors like temperature
fluctuations, humidity, and chemical exposure on the
shielding performance of concrete. Long-term field
evaluations and accelerated aging tests could provide
valuable insights into the durability and effectiveness
of shielding concrete over time.

4. Emerging applications: Radiation shielding concrete
is increasingly used in specialized fields, including
space exploration, medical facilities, and nuclear
waste management. Each of these applications has
unique requirements that current research does not
fully address. For instance, in space exploration,
shielding concrete must withstand extreme tempera-
ture variations and cosmic radiation. In medical

facilities, concrete must balance radiation protection
with ease of construction and maintenance. Research
should explore how to tailor shielding concrete for
these emerging applications, including integrating it
with other shielding materials and adapting to new
technological requirements.

Addressing these research gaps will advance the field
of radiation shielding concrete, leading to more effective
and durable solutions for protecting against ionizing radi-
ation in diverse environments.

8.4 | Future research and development
opportunities

Future research and development opportunities on radia-
tion shielding concrete offer exciting prospects for further
advancements in this field. Some potential areas of focus
include:

1. Improved radiation attenuation: Researchers can
explore novel materials and compositions to enhance
the radiation attenuation properties of concrete. This
could involve investigating alternative aggregates,
additives, or admixtures that provide superior shield-
ing capabilities, enabling the development of more
efficient and effective radiation shielding concrete.

2. Optimal material composition: Further studies can be
conducted to determine the ideal combination and
proportions of materials in radiation shielding con-
crete. This involves optimizing the types of aggregates,
binders, fibers, and additives used to achieve the
desired radiation shielding performance while consid-
ering factors such as cost, availability, and environ-
mental impact.

3. Structural integrity and durability: It is essential to
ensure that radiation shielding concrete maintains its
structural integrity and durability over time. Future
research can focus on developing concrete mixes that
not only provide excellent radiation shielding proper-
ties but also exhibit long-term durability, resistance to
degradation, and compatibility with other construc-
tion materials.

4. Lightweight and thinner shields: Exploring light-
weight and thinner alternatives to traditional radia-
tion shielding concrete is another promising area. The
development of innovative materials with enhanced
radiation attenuation capabilities, combined with
reduced weight and thickness, can lead to more effi-
cient and cost-effective shielding solutions.

5. Computational modeling and simulation: Advanced
computational modeling techniques can play a crucial
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role in the design and optimization of radiation
shielding concrete. Future research can focus on refin-
ing and validating computational models to accurately
predict the radiation shielding performance of various
concrete formulations and geometries, thereby facili-
tating more informed material design and shielding
system optimization.

6. Environmental sustainability: Sustainable practices
and the use of environmentally friendly materials
should be a focus of future research on radiation
shielding concrete. This involves exploring the use of
recycled aggregates, industrial by-products, or alterna-
tive cementitious materials that can minimize the
environmental impact associated with the production
and use of radiation shielding concrete.

7. Integration of sensor technologies: Incorporating sen-
sor technologies into radiation shielding concrete can
enable real-time monitoring of radiation levels and
structural integrity. Research can be conducted to
develop smart concrete materials capable of detecting
radiation exposure, identifying potential degradation,
and providing early warnings of structural issues.

By addressing these research areas, future develop-
ments in radiation shielding concrete can lead to
improved performance, cost-effectiveness, sustainability,
and safety in various applications involving radiation pro-
tection. Collaboration between researchers, engineers,
material scientists, and industry stakeholders will be cru-
cial in advancing the field and translating these research
findings into practical solutions.

9 | CONCLUDING REMARKS

Radiation shielding concrete plays a critical role in ensur-
ing the safety of individuals and the environment in vari-
ous applications involving radiation. It offers effective
protection against harmful effect by attenuating and con-
taining radiation sources. The field of radiation shielding
concrete has witnessed significant advancements in
recent years, driven by research and development efforts
to enhance its properties and performance.

The development of radiation shielding concrete has
led to innovative materials, optimized compositions, and
improved manufacturing techniques. These advance-
ments have resulted in concrete that provides excellent
radiation attenuation while maintaining structural integ-
rity and durability. Furthermore, the integration of com-
putational modeling, sensor technologies, and
sustainable practices has contributed to the evolution of
radiation shielding concrete. However, despite these
achievements, there are still challenges and opportunities

for further research and development. Future efforts
should focus on optimizing material compositions,
exploring alternative aggregates and additives, and inves-
tigating lightweight and thinner shielding solutions.
Additionally, the integration of sensor technologies and
computational modeling can improve the design, moni-
toring, and performance prediction of radiation shielding
concrete.

Moreover, the environmental sustainability of radia-
tion shielding concrete should be prioritized, with a focus
on using recycled materials and reducing the carbon foot-
print associated with production. Collaborative research
initiatives involving academia, industry, and regulatory
bodies will be crucial to advancing the field and addres-
sing these challenges.

Overall, radiation shielding concrete continues to
evolve as a vital component in radiation protection strate-
gies. Continued research and development efforts will
contribute to the ongoing improvement of radiation
shielding properties, cost-effectiveness, and sustainability.
These advancements will further enhance the safety and
efficiency of radiation-related applications, benefiting
industries such as nuclear power, medical facilities, and
industrial applications that require radiation shielding.
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Güno�glu K. Determination of some heavyweight aggregate
half-value layer thickness used for radiation shielding. Acta
Phys Pol A. 2012;121(1):138–40.

130. Al-Buriahi MS, Singh VP. Comparison of shielding properties
of various marble concretes using GEANT4 simulation and
experimental data. J Aust Ceram Soc. 2020;56(3):1127–33.

131. Gaikwad DK, Obaid SS, Sayyed MI, Bhosale RR,
Awasarmol VV, Kumar A, et al. Comparative study of gamma
ray shielding competence of WO3-TeO2-PbO glass system to
different glasses and concretes. Mater Chem Phys. 2018;213:
508–17.

BARBHUIYA ET AL. 1853

 17517648, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202400519 by Test, W

iley O
nline Library on [28/04/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



132. Hassan HE, Badran HM, Aydarous A, Sharshar T. Studying
the effect of nano lead compounds additives on the concrete
shielding properties for γ-rays. Nucl Instrum Methods Phys
Res Sect B. 2015;360:81–9.

133. Makarious AS, Bashter II, Abdo AES, Azim MSA,
Kansouh WA. On the utilization of heavy concrete for radia-
tion shielding. Ann Nucl Energy. 1996;23(3):195–206.

134. Fugaru V, Bercea S, Postolache C, Manea S, Moanta A,
Petre I, et al. Gamma ray shielding properties of some con-
crete materials. Acta Phys Pol A. 2015;127(4):1427–9.

135. Dezhampanah S, Nikbin IM, Mehdipour S, Mohebbi R,
Moghadam H. Fiber-reinforced concrete containing nano-
TiO2 as a new gamma-ray radiation shielding material.
J Build Eng. 2021;44:102542.

136. Farid O, Farzadnia N, Khayat KH, Al-Dahhan M. Feasibility
study of implementing gamma-ray computed tomography on
measuring aggregate distribution and radiation shielding proper-
ties of concrete samples. Construct Build Mater. 2022;327:127034.

137. Gallego E, Lorente A, Vega-Carrillo HR. Testing of a high-
density concrete as neutron shielding material. Nucl Technol.
2009;168(2):399–404.

138. Okuno K, Kawai M, Yamada H. Development of novel neu-
tron shielding concrete. Nucl Technol. 2009;168(2):545–52.

139. DiJulio DD, Cooper-Jensen CP, Perrey H, Fissum K, Rofors E,
Scherzinger J, et al. A polyethylene-B4C based concrete for
enhanced neutron shielding at neutron research facilities.
Nucl Instrum Methods Phys Res Sect A. 2017;859:41–6.

140. Piotrowski T. Neutron shielding evaluation of concretes and
mortars: a review. Construct Build Mater. 2021;277:122238.

141. Ali MA, Tawfic AF, Abdelgawad MA, Mahdy M, Omar A.
Gamma and neutrons shielding using innovative fiber rein-
forced concrete. Prog Nucl Energy. 2022;145:104133.

142. Spinrad BI, Marcum W. Nuclear reactor. Encyclopedia britan-
nica. 2024. https://www.britannica.com/technology/nuclear-
reactor. Accessed 4 Jan 2024

143. Panesar D, Qureshi T. Graphene-cement composites: the next
generation of construction materials? Paper presented at
SMIRT 26, Berlin/Potsdam, Germany, July 10–15, 2022. 2022.

144. Qureshi T, Ootim S. Multifunctional concrete with graphene-
based nanomaterials and superabsorbent polymer. J Mater
Civil Eng. 2023;35(4):04023046.

145. Nazarov V, Frontasyeva M, Lavdanskij P, Stephanov N. NAA
for optimization of radiation shielding of nuclear power
plants. J Radioanal Nucl Chem. 1994;180(1):83–95.

146. Bamonte P, Gambarova PG. Properties of concrete required in
nuclear power plants. Infrastructure systems for nuclear
energy. New York, NY: Springer; 2014. p. 407–38.

147. Field KG, Remec I, Le Pape Y. Radiation effects in concrete for
nuclear power plants–part I: quantification of radiation exposure
and radiation effects. Nucl Eng Des. 2015;282:126–43.

148. Kurtis KE, Xi Y, Glinicki MA, Provis J, Giannini ER, Fu T.
Can we design concrete to survive nuclear environments.
Concr Int. 2017;39(11):53–9.

149. Bakshi J, Chu BP. Attenuation of gamma radiation using
ClearView radiation shielding™ in nuclear power plants, hos-
pitals and radiopharmacies. Health Phys. 2020;119(6):776–85.

150. Matter Fabs. Medical radiation shielding room construction.
2024. Accessed 10 Apr 2024. https://www.matterfabs.com/
medical-radiation-shielding-construction/

151. Maughan RL. Proton therapy: behind the scenes. OncoLink
organization report. Philadelphia: The University of Pennsyl-
vania. 2022. Accessed 10 Apr 2024. https://www.oncolink.org/
cancer-treatment/radiation/types-of-radiation-therapy/proton-
therapy/overviews-of-proton-therapy/proton-therapy-behind-
the-scenes

152. Pravida Bau GMBH. [Online]. 2024. Accessed 10 Apr 2024.
https://www.pravida.de/en/references/details/?wpf_references_
id=117&wpf_references_group=7

153. Sarker D, Biswas A, Rahman MM, Mehedi MM. Optimization
of radiation shielding concrete for radiotherapy treatment
room at Bangabandhu Sheikh Mujib Medical University. Key
Eng Mater. 2016;705:338–44.

154. Kılınçarslan Ş, Akyol B. Investigation of the effect of selection
of construction materials for radiotherapy centers. Acta Phys
Pol A. 2016;130(1):441–3.

155. Domanski S, Gryzinski MA, Maciak M, Murawski L, Tulik P,
Tyminska K. Experimental investigation on radiation shield-
ing of high-performance concrete for nuclear and radiother-
apy facilities. Pol J Med Phys Eng. 2016;22(2):41–7.

156. Bevelacqua JJ, Mortazavi SMJ. Neutron shielding concrete in
medical applications. Micro and nanostructured composite
materials for neutron shielding applications. Cambridge,
United Kingdom: Woodhead Publishing; 2020. p. 219–37.

157. Ban CC, Khalaf MA, Ramli M, Ahmed NM, Ahmad MS,
Ali AMA, et al. Modern heavyweight concrete shielding: prin-
ciples, industrial applications and future challenges; review.
J Build Eng. 2021;39:102290.

158. Kaur A, Sahani G, Mudgal M, Chouhan RK, Srivastava AK,
Pawaskar PN. Studies on radiation shielding properties of
newly developed high-density concrete for advanced radio-
therapy facilities. Radiat Prot Dosimetry. 2023;199(5):399–409.

159. U.N.R. Commission. Backgrounder on dry cask storage of
spent nuclear fuel. 2018. Accessed 10 Apr 2024. https://www.
nrc.gov/reading-rm/doc-collections/fact-sheets/dry-cask-storage.
html

160. Fraczek J. Commission to determine criteria for final nuclear stor-
age. Deutsche Welle. 2013. Accessed 10 Apr 2024. https://www.
dw.com/en/commission-to-determine-criteria-for-finalnuclear-
storage/a-1669873

161. Woodward WS. Underground interim storage of spent nuclear
fuel – HISTORM UMAX. Paper presented at IAEA Confer-
ence on Management of Spent Fuel from Nuclear Power
Reactors, Vienna, Austria. 2015.

162. Reches Y. A multi-scale review of the effects of gamma radia-
tion on concrete. Results Mater. 2019;2:100039. https://doi.
org/10.1016/j.rinma.2019.100039

163. Spitzberg DB. Three Mile Island Unit-2 ISFSI – NRC inspec-
tion report 072-020/2011-001 and notice of deviation. Arling-
ton: United States Nuclear Regulatory Commission; 2011.

164. Maki Y, Ohnuma H. Application of concrete to the treatment
and disposal of radioactive waste in Japan. Nucl Eng Des.
1992;138(2):179–88.

165. Davidovits J. Recent progresses in concretes for nuclear waste
and uranium waste containment. Concr Int. 1994;16(12):53–8.
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