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Abstract. Nuclear waste management has become a critical issue due to growing concerns about the long-term safety
and sustainability of radioactive waste disposal and its impact on infrastructure. Insufficient knowledge and regulations
surrounding nuclear waste management are significant challenges to sustainable development. This review provides an
in-depth categorisation of nuclear waste, with particular emphasis on high-level waste (HLW), which requires extensive
pre-disposal treatments, and explores its impact on infrastructure and structures. Recent innovations, such as thermal
treatment, partitioning and transmutation, are highlighted for their effectiveness in reducing HLW volume and radiotoxic-
ity. The review also examines the detrimental effects of radiation on containment materials, especially concrete and steel.
Notably, containment infrastructure is vulnerable to degradation, with studies showing a loss of up to 50% in compres-
sive strength in concrete exposed to extreme neutron irradiation and reductions of up to 70% in Young's modulus. Ad-
vanced materials, such as fibre-reinforced concrete and oxide-dispersion-strengthened steels, offer promising solutions
by mitigating these effects and improving durability by 10-30%. Furthermore, the review identifies significant strides in
international collaboration on nuclear waste management, which have led to advancements in minimising hazards and
improving waste processing. These efforts are further supported by the integration of digital tools and material innova-
tions, ensuring continued progress in managing nuclear waste safely and sustainably.
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1. Introduction

The advancement of nuclear technology in recent decades
has undoubtedly contributed significantly to the global
energy sector, providing a substantial portion of electric-
ity in many countries. The significance of nuclear power
lies in its ability to generate large amounts of energy with
almost zero greenhouse gas emissions, making it an es-
sential part of the global effort to combat climate change
(Nuttall, 2022). However, with this progress comes the in-
evitable challenge of nuclear waste management, a com-
plex and multifaceted issue that demands attention and
comprehensive solutions.

Nuclear waste, a byproduct of nuclear power genera-
tion and various industrial processes like weapon repro-
cessing operations involving radioactive materials, poses
a significant challenge due to its hazardous nature and
long-lasting radioactivity (Rosenfeld & Feng, 2011). The
generation of nuclear waste could be a result of nuclear
weapons production, nuclear power generation, and the

use of radioactive materials in industry, medicine, agricul-
ture, and academia (Gee et al,, 2005). Nuclear waste gen-
eration takes place in various stages of the nuclear fuel cy-
cle (Nuclear Energy Agency & Organisation for Economic
Co-operation and Development, 2008). These stages en-
compass mining and milling, fuel cycle operations, nuclear
reactor operation, and reprocessing and decommissioning
(Nuclear Energy Agency & Organisation for Economic Co-
operation and Development, 2006; Ojovan & Lee, 2014;
Choi et al., 2022). During the mining and milling stages,
uranium ore extraction leads to the production of low-lev-
el waste, including tailings that contain radioactive mate-
rial (Nuclear Energy Agency & Organisation for Economic
Co-operation and Development, 2008). Uranium conver-
sion, enrichment, and fuel fabrication, which are the ac-
tivities that fall under the process of fuel cycle operation,
generate intermediate-level waste, which includes chemi-
cal byproducts and contaminated materials (Nuclear Ener-
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gy Agency & Organisation for Economic Co-operation and
Development, 2006). Spent nuclear fuel, which is regarded
as highly radioactive, is primarily generated during nucle-
ar reactor operation (Nuclear Energy Agency & Organisa-
tion for Economic Co-operation and Development, 2008;
Ojovan & Lee, 2014). Additional waste streams, including
fission products and actinides, are produced while repro-
cessing spent fuel, and structural and decommissioning
waste are produced as a result of decommissioning plants
(Ojovan & Lee, 2014; Choi et al., 2022). While high-level
waste from reactors often attracts attention mostly, it is
crucial to recognize that all the stages contribute towards
the overall generation of nuclear waste, emphasizing the
importance of management strategies (Darda et al., 2021).
Hence, understanding these processes is vital for effective
waste management, subsequently leading towards envi-
ronmental protection.

Globally, as per the Spent Fuel and Radioactive Waste
Information System (SRIS), the world has produced ap-
proximately 1.4 million tons of nuclear waste since the
beginning of nuclear energy production, of which around
750,000 tons of nuclear waste is still in storage and await-
ing disposal (Spent Fuel and Radioactive Waste Informa-
tion System, 2022). The quantities of nuclear waste gen-
erated vary depending on the type of nuclear facility and
its operational context. Decommissioning of a typical mil-
lion-kilowatt nuclear power plant generates approximate-
ly 12,000 m3 of nuclear waste, which consists of low-level
waste and some high-level waste from reactor compo-
nents (Li, 2022). In Russia, solid low-level waste and high-
level waste are generated at a rate of 0.033 m3/GW h and
0.00028 m3/GW h, respectively, during normal operations
(Ekidin & Antonov, 2020).

The impacts of nuclear waste are complex, influencing
public health, environmental safety, and public perception.
Contamination of water, soil, and air leads to long-term
ecological risks, which are critical consequences of nucle-
ar waste. The harmful effects of these wastes, particularly
on human health including acute injury (damage caused
by large doses of toxic waste on human body in a short
period of time), chronic injury and long term effects due
to exposure and contamination such as leukemia, aplastic
anemia, malignant tumors, cataracts and effects on ear-
ly fetuses and the environment pollution which alters the
natural balance of the ecosystem (Liu & Dai, 2019) have
led to the growing concern regarding the management
of these wastes safely and sustainably. Thus, the impact
of inadequately managed nuclear waste on both the en-
vironment and human health is undeniable (Fazzo et al,,
2017). The potential for contamination, long-term radia-
tion exposure, and the risk of catastrophic incidents ne-
cessitate careful consideration of waste management prac-
tices (Igbal et al., 2021).

In the context of Australia, notwithstanding its com-
paratively modest nuclear presence relative to its promi-
nent international counterparts, the nation confronts chal-
lenges inherent to nuclear waste management. Despite
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the absence of commercially operational Nuclear Power
Plants (NPPs), Australia houses a research reactor situat-
ed at Lucas Heights, primarily dedicated to the produc-
tion of radioisotopes integral to medical and research ap-
plications. Annually, the nation generates approximately
45 m3 of radioactive waste stemming from these, com-
prising approximately 40 m3 of low-level waste (LLW) and
5 m3 of intermediate-level waste (ILW) (World Nuclear
Association [WNA], 2023). Australia currently exports its
high-level wastes (HLW) for overseas reprocessing, nota-
bly spent nuclear fuel derived from reactors. As a result of
this practice, Australia is presently recognized as a nation
that does not internally generate HLW. Currently, the stor-
age of LLW spans over a hundred sites across the country
(WNA, 2023). As of 2021, there exists an accumulation of
approximately 2490 m3 of LLW awaiting disposal, along-
side 2061 m3 of ILW awaiting more optimal storage so-
lutions (Australian Radioactive Waste Agency, 2022). The
strategy of exporting HLW for processing and disposal
abroad presents various challenges and raises sustainabil-
ity concerns, especially if Australia were to expand its nu-
clear energy sector. Therefore, Australia needs to develop
domestic capabilities for the processing and disposal of
HLW and adopt advanced technologies for ILW and LLW.
While previous studies have explored various aspects
of nuclear waste management, a comprehensive under-
standing of the global management strategies with their
impact on infrastructure materials remains largely unex-
plored (Selvam et al., 2025; Alwaeli & Mannheim, 2022).
For instance, Selvam et al. (2025) focus on Al’s role in op-
timising nuclear waste classification, treatment, storage,
and disposal, highlighting improvements in accuracy, risk
assessment, and regulatory compliance. Similarly, Alwae-
li and Mannheim (2022) assess nuclear waste manage-
ment strategies, particularly for high-level waste (HLW)
and spent nuclear fuel (SNF) disposal in European coun-
tries, integrating a life cycle assessment (LCA) approach to
evaluate abiotic resource depletion and the environmen-
tal impact of nuclear electricity in the production process.
Existing reviews predominantly focus on individual
waste treatment methods, disposal strategies or coun-
try-specific policies (Alwaeli & Mannheim, 2022; Fernan-
dez-Arias et al., 2023; Jain et al.,, 2025). Terranova and
Tavares (2024) review innovative spent nuclear fuel treat-
ment methodologies, emphasizing chemical and physical
processes for recovering and reusing valuable isotopes.
Fernandez-Arias et al. (2023) analyzes specialised literature
on HLW management technologies and their international
implementation. Meanwhile, Jain et al. (2025) investigate
the encapsulation of cesium and strontium in cementitious
materials, assessing immobilisation strategies and mate-
rial durability. While it provides an in-depth discussion on
waste encapsulation and material performance, it does not
extensively explore the broader impact of nuclear waste on
infrastructure materials beyond immobilisation.
Nevertheless, the long-term interaction between nu-
clear waste components and construction materials, par-
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ticularly concerning long-term storage and disposal fa-
cilities and infrastructure in the close vicinity of waste
disposal sites, remains an area of growing concern, espe-
cially with the implementation of deep geological reposi-
tories for HLW. This review attempts to address this gap
in knowledge by examining the nuclear waste manage-
ment strategies around the world, the composition of HLW
and the potential impacts on infrastructure materials. By
synthesizing recent advancements and identifying critical
gaps in understanding the impact of nuclear waste on in-
frastructure, this review aims to contribute to the ongoing
discourse on nuclear waste management and infrastruc-
ture resilience. It is anticipated that this work would en-
able countries like Australia, with limited hands-on expe-
rience in nuclear power management, to understand and
select their most viable technologies to promote safe and
permanent storage and disposal of their nuclear waste.

2. Methodology

A comprehensive and systematic approach was executed
to understand and critically evaluate the literature concern-
ing nuclear waste management strategies, advancements,
and their impact on infrastructure construction materials
and create new perspectives while ensuring the findings
are both reliable and reflective of the current state of the
field. Initially, the literature search was conducted to de-
termine studies conducted on nuclear waste management
strategies, advancements and impact on infrastructure ma-
terials. Online databases such as Scopus, Web of Science
and websites of relevant organisations, including the In-
ternational Atomic Energy Agency [IAEA], World Nuclear
Association [WNA], Centre on Global Energy Policy, Nu-
clear Decommissioning Authority [NDA], country-specific
nuclear fuel management organizations, technical reports
and journal articles were referred to for the search. Pre-
defined search criteria included two groups of keywords
in the identification stage. Group 1 focused on collect-
ing relevant data on the classification and management
of nuclear waste and relevant technological advancements,
while Group 2 aimed at studies focusing on the impact of
radiation on containment infrastructure and the behavior
of construction materials such as concrete and steel under
neutron and gamma radiation. The search terms used in
each group were: Group 1: “nuclear waste classification”,

"o

“low-level waste”, “high-level waste”, “waste management
strategies”, “thermal treatment”, “partitioning and trans-
mutation (P&T)", “"LLW", "HLW", “"ILW", “Nuclear waste" and
Group 2: “radiation effects”, “concrete degradation”, "sup-
plementary cementitious materials (SCMs)".

Following the literature search, the 5245 selected doc-
uments were further analyzed and refined using prede-
fined inclusion and exclusion criteria. The inclusion criteria
primarily focused on the relevance of studies in the title,
abstract and keyword focusing on nuclear waste classifi-
cation, management strategies including innovations such

as thermal treatment and P&T, studies that discuss neu-

tron and gamma radiation’s impact on concrete’s struc-
tural properties, including strength, pore size, and crys-
tallinity of aggregates, and the studies that focus on the
effectiveness of remedies to control the impact and im-
prove the durability of concrete against radiation effects.
Peer-reviewed journal articles, reputable conference pro-
ceedings, and technical reports published only in English
were considered. Studies that do not explicitly discuss nu-
clear waste management strategies or the impact of radia-
tion on infrastructure materials were excluded during the
selection process.

Titles and abstracts were examined to apply these
inclusion and exclusion criteria as outlined in Figure 1a,
which further reduced the articles to 275. Finally, full text
screening was carried out, and each article was thorough-
ly reviewed, and based on their eligibility, 75 articles were
selected for qualitative analysis. Thus, the systematic re-
view classification was carried out based on the preferred
reporting items for systematic review and meta-analysis
(PRISMA) approach (Moher et al., 2015). The data gath-
ered under this study mainly focused on nuclear waste
management and the impact of radiation on infrastructure
material. A co-occurrence study of keywords was carried
out using VOSviewer to identify the trends and understand
the structure of scientific knowledge, as well as the state
of research in the field of nuclear waste management and
infrastructure. A total of 267 keywords were obtained from
the database, of which six remained in the articles with an
occurrence of at least 4 times. These various topics were
divided into 18 groups/clusters as shown in Figure 1b with
267 items, 1239 links and a total strength of 1252. From
the figure, several big nodes can be observed, revealing
this study’s coverage. Under nuclear waste management,
nuclear waste classification, management strategies, ad-
vancements in technologies, pre-disposal treatment meth-
ods, digital tools for waste management, and material ad-
vancements were explored. Effects of neutron and gamma
radiation on concrete and other containment materials
and mitigation strategies involving supplementary cemen-
titious materials (SCMs) and steel fibers were determined
under the impacts of radiation on infrastructure materi-
als. A comparative analysis was conducted between tra-
ditional nuclear waste management systems and modern
advancements covering the major aspects of effectiveness,
efficiency, and infrastructure resilience. Finally, the paper
synthesizes the findings, presenting the effectiveness of
current nuclear waste management strategies and materi-
al advancements, which evaluate sustainability and safety.

3. Current nuclear waste
management strategies

3.1. Nuclear waste classifications

Nuclear waste management involves the systematic clas-
sification and disposal of hazardous materials generated
during nuclear activities, which may exist as liquids, sol-
ids, gases, or sludges. Most countries, including France,
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Figure 1. Data collection and analysis: a — approach; b — co-occurrence network of keywords

the UK, Finland, Japan, China, India etc. employ a three-
tier classification system based on radioactivity levels com-
prising HLW, ILW and LLW (French National Radioactive
Waste Management Agency, 2022; Nuclear Decommis-
sioning Authority, 2023; Nuclear Science Research Insti-
tute, 2014; The People’s Republic of China, 2017; Bhabha
Atomic Research Centre, 2023; Diaz Gadmez, 2020; Kumpu-
la et al., 2022). However, classification systems can vary to
address country-specific regulatory and operational needs.
For instance, Germany differentiates waste according to
the heat generated during radioactive decay, categorizing
it into heat-generating waste and waste with negligible
heat generation (Federal Office for the Safety of Nuclear
Waste Management, 2022).

To foster international consistency, the IAEA has es-
tablished a common framework for nuclear waste man-
agement. Several countries, including Australia (Austra-
lian Radioactive Waste Agency, 2022), have adopted this
framework, which further refines NPP waste into six cate-
gories (Australian Radiation Protection and Nuclear Safety
Agency, 2020; IAEA, 2009a):

1. Exempt waste (EW): it falls within the radioactivi-
ty levels deemed non-hazardous to human health
and the environment. This includes materials such
as concrete, plaster, and bricks resulting from the
decommissioning or dismantling activities of NPP,
with radioactivity levels ranging from 0.1 Bg/g to
104 Bqg/g (Ojovan et al., 2019a).

2. Very short-lived waste (VSLW): it contains radionu-

clides with half-lives lasting only a few years follow-
ing a designated waiting period and can be safely
disposed of as regular waste.

3. Very low-level waste (VLLW): it's generated during

nuclear facility maintenance and decommissioning,
characterized by a concentration of radionuclides
slightly above VSLW levels but not requiring inten-
sive containment, rendering them suitable for dis-
posal in landfill-type facilities (IAEA, 2009a).

4. Low level waste (LLW): LLW includes a variety of ma-

terials such as paper, rags, tools, clothing, injections,
filters, laboratory animal carcasses and tissues, reac-
tor water treatment residues, and other substanc-
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es that exhibit minimal short-lived radioactivity and
low concentration of long-lived radionuclides (IAEA,
2009a). Typical activity levels are about 4 GBq of al-
pha and 12 GBq of beta/gamma radiation per metric
ton, with an overall activity per kilogram not exceed-
ing 3.7x108 Bq (WNA, 2020a). Notably, IAEA does
not prescribe a specific boundary between LLW and
ILW, as the acceptable limit for activity concentration
varies between individual radionuclides and groups
of radionuclides (IAEA, 2009a).

5. Intermediate level waste (ILW): ILWs are charac-
terized by relatively long-lived radionuclides, pos-
sessing radioactivity levels ranging from 3.7x108 to
3.7x1011 Bg/kg (Sandri et al.,, 2020). Unlike HLW,
ILW exhibits lower radioactivity and does not emit
heat exceeding 2 kW/m3. Consequently, ILW typi-
cally necessitates shielding but not active cooling.
Examples of ILW components encompass nucle-
ar fuel cladding metal, end pieces, resins, chemical
sludge, cleanup liquid from reactor coolant, and var-
ious contaminated materials, spare parts, as well as
graphite resulting from reactor maintenance and de-
commissioning (IAEA, 2009a).

6. High-Level Waste (HLW): high-level waste is the
most radioactive and poses the greatest challenge
in terms of management and disposal. HLW primar-
ily consists of spent nuclear fuel from reactors. The
long-lived isotopes in HLW, such as plutonium and
uranium, require deep geological disposal to pre-
vent contamination of the environment and expo-
sure to humans.

3.2. Waste management strategy

Nuclear waste management, as put forth, is a global chal-
lenge that demands diverse strategies based on waste
classification, form, and availability. The significance of
nuclear waste management strategies lies in ensuring the
safe and effective handling of radioactive waste generated
by nuclear energy. This approach includes the collection
of waste, appropriate treatment processes, and a compre-
hensive long-term management strategy, which may in-
volve storage, disposal, or conversion to a non-hazardous
form. The primary objective is to secure waste in a manner
that prioritises the safety of human health and the envi-
ronment, now and in the future, without imposing an ex-
cessive burden on future generations (Ojovan et al., 2019b;
IAEA, 2009b).

Examining the typical nuclear waste management cy-
cle, as depicted in Figure 2, the ultimate preferred end-
point of all nuclear waste is disposal. Certain waste cat-
egories, such as EW, VSLW, and VLW, are often directly
disposed of in selected sites based on activity levels and
radionuclide concentration without prior processing (IAEA,
2009a). As per Cuccia et al.'s (2011) study, waste disposal
sites for these kinds of wastes are scattered around the
world. However, HLW, ILW, and LLW undergo pre-dispos-

al processes involving collection, segregation, and chem-
ical adjustment. Subsequently, these wastes are treated
through processes like incineration, solidification, and vol-
ume reduction, depending on different forms and nuclide
levels (Fernandez-Arias et al.,, 2023).

The state of the waste, whether gaseous, liquid or sol-
id, dictates the treatment approach. The release of liquid
or gaseous radioactive waste into the environment must
adhere to strict standards, ensuring that levels of radio-
active materials and other impurities meet the criteria es-
tablished by national and international regulations. The
waste must undergo treatment to minimise both its vol-
ume and the concentration of radioactive and toxic sub-
stances (Ambashta & Sillanpaa, 2012). Hence, the gaseous
radioactive wastes undergo filtration using an air filter-
ing device until they meet the radionuclide emission limit
specified by standard regulations before being released
into the atmosphere. Simultaneously, treatment methods
such as chemical precipitation (Rahman et al., 2011), ion
exchange (Avramenko et al.,, 2017), thermal evaporation
(Fuks et al., 2022), biological methods (Son et al.,, 2019),
membrane purification (Pabby et al., 2022) and electro-
dialysis (Miskiewicz et al., 2021) are employed to man-
age to reduce radioactive compounds and other toxic
solutes in the effluent (Jiménez-Reyes et al.,, 2021). Pab-
by et al.'s (2022) study highlights that the pressure-driven
membrane purification processes, including reverse osmo-

Figure 2. Waste management process
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sis, nanofiltration, ultrafiltration and microfiltration, are ca-
pable of producing high-quality treated effluents with an
acceptably low level of residual radioactivity for discharge.

The subsequent phase, as depicted in Figure 2, the
nuclear waste cycle, conditioning involves changing the
waste into a form suitable for subsequent management,
including transportation, storage, and disposal, ensur-
ing topmost safety. Conditioning stabilizes the waste into
a form that will not react or degrade over time (Ojovan
et al., 2019c). Prior to selecting an optimal conditioning
method, it is imperative to define and understand the
function of the conditioned waste form within the com-
prehensive safety framework of the waste management
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system. For example, within a near-surface repository, the
waste package is required to contain the waste, thereby
preventing the migration of radionuclides and providing
structural support for a repository cap or cover. Converse-
ly, in a deep geological repository or borehole, the primary
function of the waste package is generally isolation and
containment rather than structural support. Table 1 pro-
vides an overview of the main treatment and condition-
ing options typically applied to various types of radioac-
tive waste. It is important to acknowledge the absence of
a "universal” treatment or conditioning method. The selec-
tion of specific techniques is decided on a case-by-case
basis, taking into consideration the physical, chemical, and

Table 1. Treatment, conditioning and disposal options for radioactive waste

Waste Phase | Treatment methods Conditioning procedure Clearance method References
category Immobilisation Packaging

VLLW Liquid | Decay storage, Cementation, Polymer [Industrial Surface trench, near | Cuccia et al. (2011),
lon exchanges, sorption packaging surface disposal M. H. Sanders and C.
Radionuclide E. Sanders (2019), Yim
removal, (2022),

Evaporation,
Solid Decay storage - Simple packaging | Surface trench, near | Cuccia et al. (2011),
if required surface disposal M. H. Sanders and C.
E. Sanders (2019), Yim
(2022)

LLW Liquid |Chemical treatment, |Cementation, Metal or concrete | Near surface M. H. Sanders and C.
Evaporation, Bituminisation, containers, disposal E. Sanders (2019), Yim
radionuclide removal, | Polymer sorption, High integrity (2022), Thakur et al.
Membrane method, | Geopolymer containers (2021), Zakrzewska-
lon exchange solidification, Trznadel (2013)

Vitrification
Solid | Sorting, Volume Encapsulation, Industrial Near surface M. H. Sanders and
Reduction, Grouting packaging, Metal |disposal C. E. Sanders (2019),
Compaction, or concrete Yim (2022), Lim et al.
Incineration, Melting containers, High- (2021), Chon et al.
integrity containers (2016)

ILW Liquid | Chemical treatment, | Cementation, Metal or concrete | Intermediate depth | M. H. Sanders and C.
Evaporation, Bituminisation, containers, High disposal, Deep E. Sanders (2019), Yim
Radionuclide Polymer sorption, integrity containers | geological disposal |(2022), Zakrzewska-
removal, Membrane | Geopolymer Trznadel (2013)
methods, lon solidification,
exchange Vitrification

Solid | Sorting, Volume Encapsulation, Metal or concrete | Intermediate depth |Yim (2022), Lim
reduction, Grouting containers, High disposal, Deep et al. (2021),
Compaction integrity containers | borehole disposal, | Paraskevoulakos et al.

Deep geological (2019), Mallants et al.,
disposal 2021)

HLW Liquid | Evaporation in Vitrification, Ceramic | Stainless steel Deep geological M. H. Sanders and C.
conjunction with Immobilisation containers disposal E. Sanders (2019), Yim
Immobilisation (2022), Kononenko

et al. (2021), Tan et al.
(2023), Zhou et al.
(2021), Patra et al.
(2022), Engelhardt

et al. (2023)

Solid | Reprocessing (SNF) - Metallic (e.g., Deep geological M. H. Sanders and C.

copper) container | disposal E. Sanders (2019), Yim
(2022), Engelhardt
et al. (2023), Spykman
(2018), Bevelacqua
(2023)
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radiological properties of the waste, along with the accept-
ed criteria (Ojovan et al., 2019d).

The final stage of waste management is disposal,
where, if required, waste is transported safely and stored
in interim storage sites before eventual disposal. In the
case of managing LLW and short-lived ILW, as listed in
Table 1, the near-surface disposal method is preferred
and internationally recommended by IAEA (2009b). This
method encompasses both ground-level and subterranean
cavern installations fortified with natural and engineered
barriers Near-surface disposal sites involve excavation for
ground-level disposal, with several meters of soil covering
or caverns positioned tens of meters below ground lev-
el. These sites, typically maintained for a minimum of 30
years, consider environmental impact, climate change, and
safety concerns (WNA, 2020b).

In the case of spent nuclear fuel (SNF), due to its high
radioactivity and temperature compared to all the other
HLW, immediately after discharge from the reactor, it is
subjected to interim storage either at onsite NPPs or at
offsite consolidated interim storage facilities until its de-
cay heat is sufficiently lower for final disposal or reprocess-
ing. Currently, the two primary alternatives for SNF inter-
im storage are wet (pool) storage and dry (cask) storage
(IAEA, 2012). Wet storage involves underwater storage for
initial shielding and cooling, while dry storage relies on
heavy concrete or metal casks and/or structures for shield-
ing and provides cooling by natural convection or forced
air circulation. Once the SNF is cooled off in wet storage,
dry storage is chosen as an interim storage method until
final disposal in many countries including Canada, Germa-
ny, Switzerland, and the U.S (Wolff et al., 2019).

Nevertheless, HLW is unsuitable for long-term storage
in near-surface facilities since it generates a significant
amount of heat or contains particularly long-lived radionu-
clides that are required to be buried in deep underground
repositories positioned at depths ranging from 200 to
1000 meters underground (WNA, 2020b) within specifi-
cally chosen stable geological formations where the envi-
ronment will remain largely unchanged over the 100,000
to 1 million years required to allow the waste to safely ra-
dioactively decay, isolated from the biosphere (Corkhill &
Hyatt, 2018). In the past decade, many studies have been
focused on the design, construction and implementation
of Deep Geological Repository (DGR) for HLW. For in-
stance, Bennett and Gens (2008) reviewed existing reposi-
tories and designs of engineered barrier systems for HLW
and SNF disposal in several European nations. The study
places particular focus on critical metallic waste containers
and their corrosion processes. Further discussion on the
global implementation of DGR is provided in Section 3.3.

3.3. Comparative analysis of global waste
management strategies

Effective nuclear waste management requires balancing
economic feasibility, long-term safety, and environmen-
tal sustainability. Table 2 presents a comparative analysis
of key waste management strategies discussed in Section

3.2, highlighting their cost implications, safety measures,
and challenges.

Near-surface disposal remains the most cost-effec-
tive method due to its low initial and operational costs
(Bashir, 2007). However, its suitability is limited to LLW
and short-lived ILW, making it an inadequate solution for
HLW (Nazeeh & Sivakumar Babu, 2018). Countries like the
United States, Japan, France, Spain, and the United King-
dom have established near-surface disposal facilities at
ground level. In contrast, Sweden and Finland have opt-
ed for selected caverns as disposal sites, positioned at
depths ranging from 50 to 100 meters below ground lev-
el (The Geological Society, 2020). Although widely adopt-
ed, near-surface disposal poses risks of potential leakage
and groundwater contamination if not properly designed
and maintained (Geetha Manjari & Sivakumar Babu, 2018;
Zhang et al., 2022).

Interim storage methods, such as wet and dry stor-
age, are commonly used as transitional solutions but pre-
sent varying degrees of feasibility and risk. Wet storage,
which involves submerging spent nuclear fuel in water, is
widely utilized in the USA and Canada (Liu, 2015; Nich-
olson et al.,, 2013). However, its reliance on active cool-
ing systems increases operational costs and introduces
risks of leakage and contamination, making it unsuitable
for long-term waste management (Liu et al., 2020; Jack-
el et al.,, 2020; Rothwell, 2021). Dry storage, which relies
on casks and natural convection for cooling, offers a safer
and more cost-effective alternative for medium-term stor-
age (Rothwell, 2021). While it reduces environmental risks
compared to wet storage, it is not a permanent solution,
and eventual disposal or reprocessing remains necessary
(EI-Samrah et al., 2021).

Reprocessing and recycling strategies aim to reduce
HLW volume by recovering fissile materials for reuse in nu-
clear reactors (Terranova & Tavares, 2024). Countries such
as France and Russia have invested heavily in reprocess-
ing programs, which minimise waste storage requirements
while providing economic benefits through the reuse of
valuable materials (Grygie & Romary, 2015). However, this
method requires advanced infrastructure and raises con-
cerns about nuclear proliferation due to the extraction of
plutonium (Paulillo et al., 2020). Transmutation technology,
though still in the experimental stage, presents a potential
breakthrough in waste management by drastically reduc-
ing the radiotoxicity and longevity of nuclear waste (Walle-
nius, 2019). Research efforts in Japan, France, and the USA
indicate promising results, but the high energy demands
and technological complexity currently limit its feasibility
for large-scale implementation.

Deep geological repositories, on the other hand, pro-
vide the highest level of safety by isolating HLW for over
100,000 years within geologically stable formations (Jang
et al, 2024). While a universally permanent solution re-
mains elusive, DGR persists as the preferred long-term dis-
posal method for many countries, each with its selected
sites and implementation concepts (WNA, 2020b; Ragoussi
& Costa, 2019). Despite its effectiveness in long-term con-
tainment, this approach requires substantial initial invest-
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Table 2. Comparative analysis of nuclear waste management strategies based on economic feasibility and long-term safety

Strategy Economic Long-term Environmental Global implementation References
feasibility safety impact and challenges
Near surface High (Low Moderate Moderate Widely implemented (USA, France, Bashir (2007), Nazeeh
disposal cost) (potential leaching |Japan), but limited to LLW & short- and Sivakumar Babu
and groundwater | lived ILW (2018), Geetha Manjari
contamination) Risk of leakage in improperly and Sivakumar Babu
designed facilities (2018), Zhang et al.
(2022)
Interim wet Low (High Low (Risk Commonly used in the USA and IAEA (2012), Liu (2015),
storage maintenance of leakage, Moderate (Risk Canada. Nicholson et al. (2013),
and requires of contamination | Requires transition to dry storage or | Liu et al. (2020), Jackel
operational active if not managed disposal due to long-term instability | et al. (2020), Rothwell
costs) monitoring) | properly) Risk of leakage and high cooling cost |(2021)
Interim dry Moderate Moderate Low (Reduces Widely used in the USA, Germany, and | Wolff et al. (2019),
storage (Lower (Safe for environmental risk | Switzerland Rothwell (2021), El-
maintenance medium compared to wet | Effective for temporary storage, but Samrah et al. (2021)
than wet term but not | storage) long-term disposal solution required
storage) permanent)
Reprocessing | High (reduces |High Low (less waste France and Russia lead in reprocessing | Terranova and Tavares
& recycling HLW volume) | (Minimizes to manage in the | High initial cost (2024), Grygie and
waste long run) Proliferation risks (e.g., plutonium Romary (2015)
storage extraction)
requirements)
Transmutation | Very high (still | Very high Technological and | Limited to research in Japan, France, | Wallenius (2019)
technology experimental | (potential to |regulatory barriers | USA
and costly) drastically Technological and regulatory barriers
reduce waste High energy requirements
toxicity)
Deep Moderate High (Isolates | Low (Geological Finland and Sweden are pioneers with | Solomon (2021),
geological (High initial HLW for stability ensures Onkalo DGR (Finland) operational Holt and Jalonen
repository cost, low 100,000+ containment) Long-term development timelines (2024), Svensk
maintenance) | years) (20-50 years) Karnbransforhantering
Site selection (2024)
Public perception and acceptance
barriers

ment and prolonged development timelines, often span-
ning multiple decades. Table 3 provides a summary of the
advancements made by countries in regard to the imple-
mentation of DGRs.

Finland’s Onkalo repository, currently operational, be-
gan excavation in 2018 following the approval of a con-
struction license in 2012, with trial operations commenc-
ing in 2024 (Holt & Jalonen, 2024). This 12-year timeline
from initial approval to trial operation highlights the long
and complex process of implementing DGRs, a challenge
faced globally. Meanwhile, Sweden has recently obtained
an environmental permit for the construction and opera-
tion of a similar repository (Svensk Karnbrénsférhantering,
2024). In contrast, Russia has opted for a different dispos-
al approach at the Yeniseisky site in the Krasnoyarsk re-
gion of Siberia. Although the geological and hydrological
properties of this site are comparable to those at Forsmark
(Sweden) and Olkiluoto (Finland), Russia plans to dispose
of HLW as aluminophosphate glass rather than utilizing
the KBS-3 system (Laverov et al., 2016), encapsulating SNF
within boron steel canisters enclosed in copper capsules,
which are then housed in repository holes and backfilled
with bentonite clay to ensure long-term stability and re-
trievability (Posiva, 2023).

Wang et al. (2005) examined the progress in geologi-
cal disposal efforts for HLW in China from 1985 to 2004.
China aims to establish an HLW repository by the mid-21st
century to handle vitrified waste, transuranic waste, and
limited SNF. McEvoy et al. (2016) discussed challenges in
developing a deep geological disposal program in the UK,
noting the natural processes that could impact repository
site selection and design.

In contrast to developed nations, developing and un-
derdeveloped nations face unique challenges in nuclear
waste management due to limited financial resources, reg-
ulatory frameworks, and technological capabilities (Thom-
as et al., 1989). Brazil, India, and Malaysia struggle with
inadequate disposal practices for LLW, leading to environ-
mental contamination (Paschoa & Tranjan Filho, 1995). In-
dia’s closed fuel cycle, emphasising reprocessing and vit-
rification, has helped reduce waste volume, though its
scalability remains a challenge (Raj et al., 2006). Indonesia,
as an archipelagic nation, faces infrastructure difficulties in
waste transportation and storage (Wisnubroto et al., 2021).
Addressing these disparities requires international cooper-
ation, financial support, and technology transfer to ensure
safe nuclear waste management globally.
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Table 3. Global status of HLW disposal projects

Country Project Location Status Ref
Finland Onkalo repository | Olkiluoto, Trial run in progress First DGR for SNF. Solomon (2021), Holt
Finland and Jalonen (2024)
Sweden Forsmark Forsmark, Environmental permit Similar design to Svensk
repository Sweden received for construction | Finland’s Onkalo repository | Karnbransforhantering,
and operation (2024)
USA Waste isolation Carlsbad, New | Operational since 1999 | Only stores transuranic Bowen et al. (2024)
pilot plant (WIPP) | Mexico wastes from nuclear weapon
production
Germany Konrad Mine Salzgitter Under construction Designed to store low and Noseck et al. (2023)
intermediate-level radioactive
waste
France Cigéo - Planning and design Aims to construct DGR for Stavropoulou et al.
HLW by 2035 (2020)
Canada Nuclear waste - Site selection process Plans for a deep geological | Braden and Macfarlane
management underway repository for spent nuclear | (2023)
organization fuel.
(NWMO)
Switzerland | Nagra (National - Site selection in progress | Evaluating potential sites for | Zbinden et al. (2023)
cooperative for long-term storage
the disposal of
radioactive waste)
China Research and - - Developing technologies and | Wang et al. (2018), Liu
pilot projects identifying potential sites for |et al. (2019)
deep geological repositories.
Russia NORWM Krasnoyarsk Planning in progress - Laverov et al. (2016),
region, Siberia Neuvazhaev et al. (2020),
Japan NUMO - Site selection process Focus on public engagement | Nuclear Waste
(Nuclear waste and research and geological studies. Management
management Organization of Japan
Organization of [NUMOQ] (2021)
Japan)

Economic considerations play a crucial role in evaluat-
ing these strategies. While near-surface disposal remains
the most financially accessible option, its application is re-
stricted to specific waste types. Deep geological reposito-
ries, despite their high initial costs, provide the most se-
cure long-term solution for HLW. Reprocessing, although
economically advantageous in terms of material recovery,
requires significant infrastructure investment and regula-
tory oversight. Transmutation, if further developed, could
offer an effective long-term strategy, but its current costs
and technological barriers prevent widespread adoption.

From a safety perspective, DGR stands out as the most
reliable containment method for HLW. At the same time,
interim wet storage presents the highest risk due to its de-
pendence on active monitoring and the potential for en-
vironmental hazards. Dry storage mitigates some of these
risks but does not serve as a permanent disposal solution.
Meanwhile, reprocessing reduces the amount of waste re-
quiring disposal but introduces additional complexities
related to security and international regulations. Environ-
mental impact remains a key consideration, with geologi-
cal disposal minimising long-term risks, while near-surface
disposal and interim storage methods require careful site
selection and continuous monitoring to prevent contami-
nation.

Given the global push for sustainable energy, nucle-
ar waste management policies must balance feasibility,
safety, and environmental responsibility. While deep ge-
ological repositories remain the preferred long-term so-
lution, advancements in reprocessing and transmutation
technologies may provide complementary approaches to
enhance the overall effectiveness of nuclear waste man-
agement. Future research and international collaboration
will be essential in optimising these strategies to ensure
the responsible handling of radioactive waste for genera-
tions to come.

4. Technological advancements
in nuclear waste management

The management of nuclear waste, especially HLW, has ex-
perienced substantial technological progress over recent
decades, driven by the need to address the long-term en-
vironmental, safety, and health risks associated with stored
radioactive materials. Key advancements in the pre-dis-
posal of nuclear waste management include the develop-
ment of methodologies for handling various waste types,
the application of thermal treatment techniques (Niemin-
en et al., 2020), the implementation of partitioning and
transmutation technologies (Kooyman, 2021), and the use
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of advanced digital tools and sensors for monitoring (Fin-
occhiaro, 2020; Manzano et al., 2021, Egorov et al,, 2012).
The Pre-disposal management of radioactive waste (PRE-
DIS) project, for instance, addresses these innovations in
the treatment of metallic materials, liquid organic waste
and solid organic waste, which result from nuclear pow-
er plant operations and other industrial processes (Holt
et al., 2022). The PREDIS project, a combined effort start-
ed in 2020, which includes 47 partners from 17 countries
and an additional 25 companies as End User Group mem-
bers, also addresses digitalisation solutions for improved
safety and efficiency in handling and assessing cemented-
waste packages in extended interim surface storage (Holt
et al.,, 2022).

On the other hand, the thermal treatment for radioac-
tive waste minimisation and hazard reduction (THERAMIN)
project, a collaborative European Commission (EC) initia-
tive co-funded by the Horizon 2020 Euratom research and
innovation program along with European nuclear waste
management and research organizations, has made sig-
nificant progress in demonstrating the feasibility of various
thermal treatment methods. These techniques are aimed
at reducing the volume and immobilizing various streams
of low- and intermediate-level radioactive waste prior to
disposal (Nieminen et al., 2020; Holt et al., 2022). Here,
six different thermal treatment techniques were demon-
strated, treated products were characterized, and the im-
pact of treatment on disposability was evaluated. It was
found that thermal treatment can result in significant vol-
ume and hazard reduction, both of which are beneficial for
the safe storage and disposal of nuclear waste (Nieminen
et al, 2020). Thermal treatment has also been proven to
remove organic material, which can form complex agents
and make radionuclides more mobile in a repository (Ni-
eminen et al., 2020).

In the management of HLW, partitioning and trans-
mutation (P&T) technology, which includes the separation
and transmutation of minor actinides that are responsible
for most of the long-term decay heat and radiotoxicity
available and in development due to its ability to signifi-
cantly reduce the size and storage requirements of waste
management facilities by decreasing the heat load and
volume of high-level radioactive waste (Wallenius, 2019).
A recent study by Kooyman (2021) has highlighted the
current state of P&T technology around the world, which
focuses mainly on the experimental results and theoreti-
cal developments on minor actinides P&T obtained in the
last decade.

Significant advancements in the treatment of nuclear
waste have been achieved through the development of
innovative cementitious materials, which have greatly en-
hanced the solidification and stabilization processes. His-
torically, Portland cement (PC) was predominantly used
for the immobilisation of LLW and ILW. However, recent
decades have seen a shift towards the use of supplemen-
tary cementitious materials (SCM) and chemical additives
(Juenger et al., 2019). The introduction of alternative ce-
mentitious materials such as calcium aluminate, calcium
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sulfoaluminate, phosphate, magnesium silicate, and alkali-
activated cement has been pivotal. These materials offer
higher encapsulation capacities and superior performance
in the containment of nuclear waste, addressing some of
the longstanding challenges faced in nuclear waste man-
agement systems (Rakhimova, 2022).

Furthermore, the advent of thermal plasma technology
(TPT) has revolutionized the treatment of various radioac-
tive waste streams. TPT significantly reduces the volume
and hazard of waste, ensuring that it meets the stringent
criteria for safe storage and disposal (IAEA, 2006). Accord-
ing to the IAEA, the faster processing capabilities of TPT
compared to conventional methods are a critical facilita-
tor in the management of radioactive waste (IAEA, 2006).
A study by Ghiloufi (2009) indicates that thermal plasma
systems efficiently incinerate combustible waste compo-
nents, reducing their volume, while vitrifying non-combus-
tible counterparts into glassy slags with very low leach-
ing rates.

The integration of digital tools and sensors into nucle-
ar waste management has also seen a significant advance-
ment towards improving safety and operational monitor-
ing prior to disposal. Innovations such as muon imaging
(Yang et al.,, 2019), wireless sensors (Chierici et al., 2024),
and remote fiber optic sensors are increasingly deployed
to monitor the integrity of cemented waste packages and
spent fuel casks over the long term (Holt et al., 2022).
Moreover, the application of machine learning techniques
is proving beneficial in predicting the future behavior of
waste packages, which enhances the decision-making pro-
cesses regarding waste handling and storage (Lillington
et al,, 2020).

Additionally, the application of data-driven machine
learning for the disposal of the HLW has been of emerging
interest in recent years (Hu & Pfingsten, 2023). Current-
ly, there are several supervised and unsupervised Machine
Learning algorithms, such as linear regression (LR), prin-
cipal component analysis (PCA), artificial neural network
(ANN), genetic algorithm (GA), etc., that are adopted for
the disposal of HLW (Hu & Pfingsten, 2023). PCA has the
capability to reduce noisy and redundant variables, there-
by helping to identify patterns or leak indications through
gamma-ray spectra and streamline hazard detection (Sel-
vam et al,, 2025). An ANN and GA are alternatives to the
Monte Carlo simulations, which are computationally inten-
sive, used to develop a rapid surrogate model to predict
decay heat (DH) and the neutron multiplication factor (So-
lans et al., 2021).

5. Impact of nuclear waste on infrastructure

Nuclear waste contains varying levels of radioactivity, as
discussed. Therefore, the management and storage, par-
ticularly of HLW/SNF, pose significant challenges due to
their potential impact on the environment, humans, and
surrounding and confining infrastructure (Hélie, 2012).
To understand this impact on the surrounding environ-
ment and infrastructure, it is necessary to understand the
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composition of HLW. The environment surrounding these
waste materials is complex, characterized by numerous
variable factors and components. This section explores the
composition of HLW and SNF, focusing on how radiation
affects structural materials, especially concrete and steel,
the primary materials used in both infrastructure construc-
tion and nuclear waste containment facilities. Additionally,
the current practices that are employed to overcome the
possible effects are analyzed.

5.1. HLW/SNF composition

When a nuclear fuel rod is removed from a commercial re-
actor, it becomes SNF. This SNF is a highly complex mate-
rial, both in terms of its chemical composition and physi-
cal properties and falls under the HLW category. Following
its extraction from the reactor, the SNF undergoes signifi-
cant beta decay within the initial 300 years, primarily trig-
gered by the beta decay of Cs'37 into Ba'3’™, Sr% into
Zr%, and Pu24! into Am24! (Carbol et al., 2012). It requires
several millennia for the SNF to achieve radioactivity lev-
els equal to those of natural uranium ore, surpassing the
entire known human history.

Although various types of SNF are in existence, the
majority of the SNF that is presently stored for final dis-
posal comprises UO, fuel (Wagner, 2016), with 95% being
unused Uranium (Wagner, 2016; Bruno & Ewing, 2006).
The remaining 5% includes fission products, transuranic
elements, and activation products (Wagner, 2016; Bruno
& Ewing, 2006; Buck et al., 2004; Bruno et al., 2020). The
irradiation of nuclear fuel within the reactor leads to the
continuous generation of fission products (FPs), which can
precipitate in different forms like gaseous, metals, and ox-
ides. These fission products consist of isotopes of noble
gases such as Xe and Kr, alongside others like H3, C14, Se”®,
Tc99, Pd107, Sn125, 129 Cs135 and Cs'37 (Metz et al.,, 2012).

While uranium dominates the composition of SNF, the
radionuclides are distributed heterogeneously throughout
the fuel, existing in various phases ranging from inert gas-
es to relatively stable oxides, as discussed. SNF is identified

as a complex, redox-sensitive, semiconducting, and poly-
crystalline ceramic material, with its components changing
over time due to radioactive decay (Bruno & Ewing, 2006).
The concentration of certain elements in spent UO, fuel
following a particular irradiation period is detailed in Ta-
ble 4. The table data clearly shows that the uranium con-
centration remains stable even after a million years due
to the extended half-life of U238 (4 x 10° years). Plutoni-
um (Pu) originates from neutron capture reactions in U238
followed by beta decay. The accumulation of Pu23? and
Pu240 during irradiation results in plutonium having the
second-highest concentration in SNF, as shown in Table 4.
Elements such as lead (Pb), bismuth (Bi), thorium (Th), pro-
tactinium (Pa), and neptunium (Np) exhibit increasing con-
centrations over time, attributed to their longevity or sta-
bility as daughter isotopes in the decay chains of heavier
actinides. Helium concentration also rises over time due
to its formation through all alpha decay. Americium (Am)
experiences a gradual increase in concentration over hun-
dreds of years, primarily driven by the in-growth from the
beta-decaying Pu24! within the initial 100 years. Subse-
guently, the concentration decreases slowly, influenced by
the decay of Am241 (half-life — 433 years).

The majority of these fission products undergo beta
emission decay and possess relatively short half-lives, var-
ying from minutes to years. Despite their shorter half-lives
in comparison to actinides, certain fission products dem-
onstrate longer half-lives, such as Se”? (half-life — 6.5 x 104
years), Zr? (half-life — 1.53 x 10° years), Nb?* (half-life -
2.03 x 10% years), Tc?? (half-life — 2.13 x 10> years), Pd'%7
(half-life — 6.5 x 10° years), Sn'26 (half-life — 1 x 10° years),
1129 (half-life — 1.57 x 107 years), and Cs'3> (2 x 10° years).
The decline in hydrogen concentration over the years is
linked to the decay of tritium (H3) with a half-life of 12.346
years. Similarly, the reduction in strontium concentration is
a result of the significant presence of short-lived Sr?° (half-
life — 28.503 years). Niobium (Nb) consists of only one sta-
ble isotope, Nb%, shielded by the long-lived radionuclide
Zr%3 (half-life — 1.5 x 10° years). Consequently, the initial
dominance of Nb's short-lived isotope Nb% (half-life —

Table 4. Element composition of actinides and decay daughter elements in a UO, fuel rod after discharge with fuel burn up of 40

GWd/tHM (data extracted from Carbol et al,, 2012)

Concentration (g/tHM)
Element
Discharge from reactor 1 year 100years 10,000 years 1 million years

He 0.722 1.067 7.504 81.835 290.756
Pb <0.001 <0.001 0.001 0.300 409.039
Bi <0.001 <0.001 <0.001 0.029 389.572
Ra <0.001 <0.001 <0.001 0.167 0.539
Th 0.003 0.003 0.089 12.220 239.234
Pa <0.001 <0.001 0.002 0.098 0.688
u 907083.065 907083.065 907083.065 907083.065 907083.065
Np 604.194 575.440 734315 1947.205 1453.292
Pu 9732.740 10219.079 8008.099 5421.477 85.925
Am 170.054 239.234 1453.292 39.381 <0.001
Cm 55.402 37.507 2.830 0.688 0.005
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35.2 days) leads to a four-order magnitude decline within
the first 10 years. However, as Zr% decays, the concentra-
tion of Nb?3 rises, causing an overall increase in niobium
concentration. The reduction in cesium concentration and
the increase in barium concentration are due to the de-
cay of Cs137 (half-life — 30.104 years) into Ba'3’™, which
subsequently decays into stable Ba'37 within 153 seconds.

Therefore, it can be concluded that minor changes in
element concentrations occur in spent UO, fuel following
an initial period of 1000 years. Nonetheless, these changes
typically occur within a narrow concentration spectrum rel-
ative to the total uranium mass. Despite this, the radioac-
tivity emitted from the fuel undergoes significant changes
over the time scale of the repository. After the standard
burn-up in a nuclear reactor, the radioactivity of the nu-
clear fuel increases significantly, reaching approximately
1017 Bq/MT of fuel, mainly attributed to beta and gamma
decay (Bonin & Tsilanizara, 2017). The residual activity in
SNF from a light water reactor (LWR) primarily character-
ized by beta and gamma decay, generates a decay heat
of 1000 W/t ten years after discharge, transitioning to pre-
dominantly alpha decay with a decay heat of roughly 20
W/t after 10,000 years (Carbol et al.,, 2012).

However, the composition and quantities of the ele-
ments presented in Table 4 are intended to provide a rep-
resentative understanding of the typical composition and
concentration changes of the SNF. The final actual com-
position of SNF will depend on the initial fuel type, initial
chemical composition, level of enrichment of U, neutron
energy spectrum, and the burnup or amount of fission
occurring in the fuel during reactor operation (Buck et al,
2004; Ewing & Weber, 2010).

5.2. Impact on construction materials

The radiation and temperature environment experienced
by SNF during storage is substantially different from the
operational conditions within nuclear reactors (Hélie, 2012).
When surrounding infrastructure is exposed to toxic waste,
the properties of construction materials such as concrete
and steel generally change in accordance with the amount
of exposure. The effects of radioactive waste, especially
HLW exposure and irradiation, on the constituents of con-
crete and cement-like materials or on the composite ma-
terial itself are still not fully understood, although there
have been some systematic studies of the effects of irra-
diation on concrete and the constituting cement paste and
aggregate (Field et al., 2015; Pomaro, 2016; Kontani et al,,
2014; Vodak et al., 2011). Thus, this section explores the
impacts on these materials due to radiation exposure us-
ing the available literature.

5.2.1. Radiation-induced degradation of concrete

Concrete, being a multiscale and multiphase (solid, liquid,
and gas) composite material composed of hardened ce-
ment paste (HCP) and aggregates, undergoes significant
structural and chemical changes under radiation exposure
(Kontani et al., 2014). Different types of radiation, includ-
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ing alpha, beta, gamma, neutrons, and recoil nuclei, gen-
erate varying defect densities within the material, largely
influenced by the energy lost by charged particles or pho-
tons per unit distance travelled within the medium (Kon-
tani et al., 2014). The interactions between gamma and
neutron irradiation and the constituents of concrete have
been studied, with much of the publicly available data on
neutron and gamma irradiation effects on concrete dat-
ing back to the 1960s and 1970s (Field et al., 2015). Ta-
ble 5 summarises the radiation test conditions and fast
neutron fluences typically used in experimental setups of
the reviewed studies. Hilsdorf et al. (1978) conducted one
of the most frequently cited studies on the mechanical
degradation of irradiated concrete, identifying reductions
in compressive strength, increased porosity, and microc-
racking as key effects.

Table 5. Irradiation parameters considered in experimental setups

Parameter Typical range
1x10"8-1 x 1020 n/cm?
0.1-3 MGy

25-320 °C

Fast neuron fluence (E > 0.1 MeV)

Gamma dose

Irradiation temperature

Radiation exposure alters concrete properties through
both chemical and physical mechanisms. lonizing radia-
tion breaks chemical bonds within the concrete matrix,
leading to the formation of free radicals and subsequent
chemical reactions that degrade the material (Vodak et al.,
2005; Potts et al,, 2021; Jin et al., 2023). Studies by Vodak
et al. (2025) and Potts et al. (2021) observed compressive
strength reductions of approximately 10% and 8.97%, re-
spectively, following radiation exposure. Additionally, in-
creased porosity has been reported, with (Jin et al., 2023)
documenting a 5% rise in total porosity over 42 days of
xenon radiation exposure (Figure 3a). The pore structure
evolved significantly during this period, shifting peak pore
sizes from 1-10 nm before exposure to a secondary peak
of approximately 0.1 um within 7 days, further increasing
to 10 um by 14 days (Figure 3b).

A significant degradation mechanism in irradiated con-
crete is radiation-induced volumetric expansion (RIVE),
which primarily affects aggregates. The Japan Concrete
Aging Management Program, in collaboration with Oak
Ridge National Laboratory, investigated neutron irradia-
tion effects on various geological aggregate compositions,
including felsic sandstones, altered tuff, and limestone
(Maruyama et al., 2013, 2017). The findings indicated that
radiation-induced and thermally driven volumetric expan-
sion of aggregates contributed substantially to concrete
degradation, with silicate-based aggregates experiencing
the most evident expansion (Field et al., 2015). The degree
of RIVE is influenced by the dimensionality of silicate po-
lymerization and the relative number of Si-O bonds per
unit cell, as well as the relative bonding energy of the min-
erals (Le Pape et al., 2018). This expansion causes internal
stresses that are induced in the cement paste, ultimately
compromising mechanical integrity (Le Pape et al.,, 2016).
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Figure 3. The pore structure of cement paste before and after different periods of xenon radiation:
a — pore size distribution; b — total porosity (Jin et al., 2023).

Despite extensive reactor-based experimental studies,
there remains a critical gap in understanding the effects of
radiation on concrete structures near nuclear waste reposi-
tories. Field et al. (2015) revisited historical irradiation data
and compiled 307 data points on compressive strength, 62
on tensile strength, 138 on elastic modulus, and 114 on
linear expansion. The analysis of the findings indicated that
the mechanical properties of concrete began to degrade
beyond neutron fluences of approximately 1 x 109 n/cm?,
although this threshold varies depending on composition
and exposure conditions. However, as most experimental
data were derived from reactor environments, neutron flu-
ence exposure in radioactive waste storage-related infra-
structure may yield different outcomes.

Fast neutrons (>0.1 MeV) induce atomic displace-
ments within aggregate minerals, particularly affecting
crystalline structures such as quartz. Neutron irradiation
disrupts Si-O bonds, leading to metamictization and ag-
gregate swelling (Maruyama et al., 2017). Studies (Sasano
et al,, 2020; Rasheed et al., 2022) have shown that quartz
can undergo volumetric expansion of 15-20% under high
neutron fluences, contributing to a network of microcracks
along aggregate-cement interfaces (Sasano et al., 2020).
The mechanical implications of this damage are significant,
with some studies reporting compressive strength reduc-
tions of up to 50% (Field et al., 2015) and Young's modulus
reductions of 70% at about 1.0 x 1020 n/cm? neutron flu-
ences neutron fluences (Maruyama et al., 2021).

Gamma radiation, unlike neutrons, primarily interacts
with concrete through ionization and heating rather than
direct atomic displacements. A key effect of gamma ex-
posure is the radiolysis of pore water, where high-ener-
gy photons break down water molecules into hydrogen,
oxygen, and peroxide, effectively dehydrating the cement
paste (Rasheed et al., 2022). This dehydration leads to
microstructural shrinkage and alters hydration products.
Moderate gamma exposure can initially increase compres-
sive strength due to the drying effect, but higher doses
result in embrittlement and microcracking. Historically,
gamma doses exceeding 10® Gray (Gy) were considered
necessary to impair concrete properties (Rasheed et al.,

2022; Dabrowski et al., 2023) significantly. However, re-
cent studies have identified measurable strength losses at
low doses, particularly in young or moisture-rich concrete
(Dabrowski et al., 2023). For instance, Robira et al. (2018)
observed that cement paste samples exposed to a total
gamma dose of 85.7 kGy exhibited compressive strength
reductions of approximately 3.6% for uncarbonated speci-
mens and up to 13% for carbonated specimens. Similarly,
Soo and Milian (2001) reported that Portland cement mor-
tars experienced a compressive strength decline of around
15% when the total gamma dose exceeded approximately
0.14 MGy compared to control specimens.

In environments where both neutron and gamma radi-
ation are present, these mechanisms interact, intensifying
concrete degradation. While neutrons induce aggregate
expansion, gamma rays cause cement paste shrinkage,
leading to a deleterious internal volume mismatch (Sasa-
no et al, 2020). This disparity results in internal stresses
that propagate cracks along the aggregate-mortar inter-
face, further reducing load transfer capacity and struc-
tural cohesion. Experimental evidence suggests that con-
crete specimens submerged in water experienced reduced
gamma-induced shrinkage, mitigating some microcracking
compared to dry conditions (Dabrowski et al., 2023). How-
ever, this does not eliminate the fundamental incompat-
ibility between neutron-driven expansion and gamma-in-
duced contraction, which remains a dominant degradation
mechanism in irradiated concrete.

Historical research on radiation-induced concrete deg-
radation, such as Hilsdorf et al. (1978), established practical
guidelines suggesting that neutron fluences below 10" n/
cm? and gamma doses below 10® Gy would not significant-
ly damage structural concrete. However, re-examination of
these datasets by Kontani et al. (2014) revealed inconsist-
encies, particularly concerning concrete mix compositions
and irradiation conditions that were not representative of
real-world structures. In response to these uncertainties,
renewed efforts have been undertaken in Japan, the Unit-
ed States, and Europe to update reference thresholds and
assess modern concrete materials in realistic nuclear en-
vironments (Maruyama et al., 2017; Remec et al., 2017).
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These studies emphasize the necessity of evaluating ra-
diation impacts within the specific conditions expected in
nuclear waste storage settings, rather than relying on data
derived from reactor-based experiments alone.

Recent experimental and modeling studies have sig-
nificantly advanced the understanding of radiation effects
on concrete. Maruyama et al. (2017) confirmed neutron-
induced metamictization of aggregates as a primary deg-
radation mechanism, particularly affecting a-quartz. The
findings underscored the vulnerability of siliceous aggre-
gates to neutron radiation and provided evidence that
gamma radiation primarily induces thermal drying effects
rather than direct chemical degradation (Maruyama et al.,
2017). Computational modeling efforts by Sasano et al.
(2020) simulated heterogeneous aggregate expansion
and its influence on mechanical properties, demonstrat-
ing that elastic modulus reduction often precedes com-
pressive strength loss. Further studies by Dabrowski et al.
(2023) linked gamma irradiation effects to accelerated car-
bonation, which can undermine the alkaline environment
necessary for steel reinforcement protection.

Despite these advancements, significant gaps remain
in understanding the long-term performance of concrete
exposed to nuclear waste radiation. Unlike nuclear reac-
tors, HLW repositories present distinct radiation fields, ex-
posure durations, and environmental conditions that sig-
nificantly influence degradation processes. As such, there
is a critical need to establish reference levels specific to
infrastructure exposed to radioactive waste. These find-
ings underscore the importance of ongoing experimental
validation and the refinement of computational models to
improve predictive assessments of radiation-induced con-
crete degradation over extended periods.

5.2.2. Radiation-induced degradation of steel

Radiation-induced steel degradation, particularly in nu-
clear reactor environments, is a critical area of study due
to its implications for the longevity and safety of reactor
components. This synthesis examines the various mecha-
nisms and effects of radiation on different types of steel,
including stainless steel and reactor pressure vessel (RPV)
steel (Murty, 1984). Steels exposed to nuclear radiation
fields undergo displacement damage when energetic par-
ticles (primarily neutrons) collide with lattice atoms. Each
collision can produce a cascade of atomic displacements,
leaving behind Frenkel defects (vacancies and self-intersti-
tials) that aggregate into clusters. Vacancies coalesce into
voids or vacancy-rich regions, while interstitials form dislo-
cation loops (e.g., Frank loops in austenitic steel) (Kulesho-
va et al., 2020; Kenik & Busby, 2012). Prolonged irradiation
thus generates a high density of lattice defects from na-
nometer-scale “black spot” damage (small defect clusters)
to larger voids and loop structures distributed through-
out the steel matrix (Kenik & Busby, 2012). These defects
are not static; they act as sinks for migrating point defects
and facilitate radiation-induced segregation (RIS) of alloy-
ing elements. RIS is a non-equilibrium redistribution of el-
ements driven by fluxes of vacancies and interstitials to
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sinks like grain boundaries, dislocation loops, and void sur-
faces (Kuleshova et al., 2020). For instance, grain bound-
ary regions in long-term irradiated stainless steels showed
pronounced Ni and Si enrichment accompanied by Fe and
Cr depletion (over a 3 to 5 nm zone), a clear manifestation
of RIS (Kuleshova et al., 2020). Simultaneously, irradiation
can induce nanoscale precipitates or clusters; in austen-
itic steel internals irradiated over decades, a high number
density of Ni-Si-rich clusters (precursors to G-phase pre-
cipitates) was observed (Kuleshova et al., 2020). Notably,
void swelling (macroscopic volumetric growth from voids)
tends to be limited at moderate temperatures and dos-
es of light-water reactor or storage conditions. In Kulsho-
va et al.'s (2020) study, negligible swelling was found up
to 43 displacements per atom (dpa) at 300 °C, but high-
er temperatures or extreme doses can trigger appreciable
void formation. Finally, transmutation reactions from neu-
tron exposure can produce insoluble gases (primarily heli-
um and also hydrogen) within the steel. These gases read-
ily diffuse into vacant lattice sites or voids, inflating them
and promoting cavity formation (Slugen et al., 2020). In
conclusion, it can be stated that the radiation environment
drives significant microstructural evolution in steels, creat-
ing vacancy and interstitial clusters, solute segregations,
and sometimes gas-filled cavities. These changes collec-
tively degrade the microscopic properties of steel. The ac-
cumulation of radiation defects at a micro level directly
impacts the mechanical behavior of steel.

It is well established that neutron-irradiated met-
als exhibit a combination of increased yield strength and
decreased ductility, often quantified as an upward shift
in the ductile-to-brittle transition temperature in ferritic
steels (Murty, 1984). The underlying mechanisms of radi-
ation embrittlement consist of two primary modes. First,
the high density of defects (e.g. loops and clusters) im-
pedes dislocation glide and alters flow behavior, leading to
elevated flow stress and strain localization (Murty, 1984).
Second, radiation can induce chemical and phase changes
that embrittle internal interfaces: for instance, nanoscale
precipitation of Cu-rich phases in reactor pressure vessel
steels or segregation of impurity elements (P, Sb, etc.) to
grain boundaries. In particular, radiation-induced segre-
gation of embrittling species to grain boundaries, along
with precipitation of transmutation-produced helium in
these regions, creates weakened interfaces that serve as
potential fracture initiation locations (Murty, 1984). These
microstructural processes collectively cause a loss of frac-
ture toughness.

Beyond microstructural damage, radiation in a nuclear
waste environment can also alter the chemical composi-
tion of steel surfaces, which can accelerate corrosion and
cracking (Kenik & Busby, 2012; Smart et al., 2008). lonizing
radiation (particularly y-rays from radioactive decay) caus-
es radiolysis of water and other repository media, generat-
ing aggressive species such as H,0,, O,, and radicals that
can attack metals (Kenik & Busby, 2012). Study by Smart
et al. (2008), simulating geological disposal conditions, has
shown that even in anoxic (oxygen-free) groundwater, the
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presence of a y-radiation field markedly increases the cor-
rosion rate of carbon steel. Under irradiation, steel corro-
sion products tend to include the usual magnetite (Fe;O.)
and higher-oxide phases, indicating a more oxidizing lo-
cal chemistry at the metal surface (Smart et al., 2008). The
higher the radiation dose rate, the greater the corrosion
acceleration observed.

In parallel, if tensile stresses are present, irradiation can
concurrently induce irradiation-assisted stress corrosion
cracking (IASCC), especially in austenitic stainless steels
used in reactor or storage environments. IASCC is a form
of intergranular cracking resulting from the combined ac-
tion of radiation, corrosive environment, and stress. Radi-
ation contributes by modifying the material and the en-
vironment simultaneously (Kenik & Busby, 2012). On the
material side, radiation-induced segregation causes chro-
mium depletion at grain boundaries, similar to degrada-
tion, along with hardening that promotes localized stress
and strain accumulation (Kenik & Busby, 2012; Simonen
& Bruemmer, 1998). On the environmental side, radiol-
ysis elevates the electrochemical corrosion potential via
oxidizing species, exacerbating intergranular attack (Kenik
& Busby, 2012). Notably, chromium depletion due to RIS
is identified as a primary factor for IASCC susceptibility
in stainless steels (Simonen & Bruemmer, 1998). Empirical
evidence shows a threshold radiation dose on the order of
0.8-1 dpa, beyond which IASCC becomes observable (Ke-
nik & Busby, 2012; Simonen & Bruemmer, 1998). Above
this threshold, grain boundaries significantly depleted in
Cr (and enriched in Ni/Si or P) lose their passivity and are
prone to corrosive attack and cracking under stress. Cracks
initiate and propagate along these embrittled boundaries,
mirroring the intergranular stress corrosion cracking seen
in thermally affected materials. IASCC has been document-
ed in reactor core internals after sufficient neutron irra-
diation, and it remains a concern for any long-term steel
component in a high-radiation, aqueous environment (Ke-
nik & Busby, 2012; Simonen & Bruemmer, 1998).

Over the extended timescales of nuclear waste stor-
age, the degradation processes can cumulatively weaken
steel structures and barriers. Radiation-induced embrittle-
ment means that storage canister materials (often carbon
or low-alloy steels encased in corrosion-resistant shells)
may lose ductility and fracture toughness over decades
of low-dose exposure, raising the risk of brittle failure un-
der thermal or external loads. Likewise, any radiation-en-
hanced corrosion can thin steel walls or crack welds over
time, potentially compromising the containment of radi-
oactive waste. These issues are central to safety assess-
ments for repositories, as the structural integrity of waste
packages must be maintained for many years. Lessons
learned from reactor pressure vessels and internals, where
fast neutron embrittlement and irradiation-assisted crack-
ing have been extensively studied, are being applied to
predict long-term performance in waste storage scenar-
ios. It is recognized that radiation degradation phenom-
ena ultimately limit the service lifetime or at least reduce
the safety margins of nuclear structural materials (Slugen

et al.,, 2020). Ongoing research and surveillance programs
continue to monitor how steel ages next to stored waste,
looking for signs of embrittlement, microstructural chang-
es, or accelerated corrosion. In conclusion, understanding
radiation-induced degradation in steel is crucial for ensur-
ing the long-term containment of nuclear waste. By ac-
counting for mechanisms like defect accumulation, em-
brittlement, RIS, and radiolytic corrosion, nuclear waste
storage facilities can be designed and managed to main-
tain their structural integrity and safety over the required
lifespan (Slugen et al., 2020).

Several researchers agree that the technical informa-
tion necessary for determining an appropriate threshold
value of nuclear radiation in assessing the soundness of
structures under irradiation conditions is poor, especially
with regard to concrete durability evaluation. Consequent-
ly, further experimental tests are needed. On the other
hand, from the first studies, some advancements in the in-
teraction between concrete and neutrons or gamma-rays
have been made, which would now need implementation
in predictive models of concrete deterioration and valida-
tion against representative laboratory tests to evaluate the
related rate effects. The inherent difficulty with evaluating
the compiled literature is the number of variables inher-
ent in an irradiation experiment; these variables include
the different materials used (cement and aggregate); mix
proportions, curing and environmental conditions (tem-
perature and relative humidity) during irradiation; internal
moisture content; and testing conditions (neutron fluxes
and spectra, in particular).

5.3. Remedies to control the impacts
and improve infrastructure

5.3.1. Concrete

Different types of concrete exhibit varying levels of vulner-
abilities, as discussed above, such as gamma and neutron
radiation, depending on their constituent materials. Thus,
concrete strength, durability and sustainability are com-
promised at different levels. Nevertheless, measures can
be taken to improve these aspects of concrete at an early
stage. Numerous studies have been conducted to identify
the most effective solutions for enhancing concrete’s du-
rability (Hooton & Bickley, 2014), strength (Panesar et al.,
2021) and sustainability (Makul, 2020), such that concrete
used in nuclear waste management related and surround-
ing infrastructure can withstand these impacts.

The integration of SCMs such as fly ash, ground granu-
lated blast furnace, silica fume and metakaolin along with
limestone filler (LF) has been identified as an effective
strategy for enhancing concrete’'s compressive strength,
reducing porosity, and boosting long-term durability as
well as increasing radiation shielding properties (Hooton &
Bickley, 2014; Panesar et al., 2021). Adil et al. (2020) stud-
ied the influence of Silica Fume on the properties of per-
vious concrete and concluded that up to 5% replacement
of cement with Silica Fume resulted in ease of compac-
tion and improvement in strength and durability in harsh
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environments (Adil et al., 2020). Moreover, Siddique and
Kaur (2012) studied the mechanical properties of concrete
made with ground granulated blast furnace slag subjected
to temperatures up to 350 °C and discovered that reduc-
tion in the values of compressive strength, splitting ten-
sile strength, and modulus of elasticity remained lower
than 40% of the initial value even after a temperature of
350 °C was applied to prove concrete containing granu-
lated blast furnace slag could possibly be used in applica-
tions involving elevated temperatures (Siddique & Kaur,
2012).

Further advancements have been made through the
incorporation of steel fibres, which significantly enhance
the mechanical properties and durability of concrete (Pan-
esar et al,, 2021; Makul, 2020). Steel fibres, ranging from
1 to 1.5% by volume, have improved fracture toughness,
control shrinkage, and enhance ductility (Banthia & Sap-
pakittipakorn, 2007). A comparative study by Panesar
et al. (2021) proved that steel fibres improve compressive
strength, freeze-thaw resistance, sulfate resistance, alkali-
silica reaction (ASR) expansion reduction/elimination, and
carbonation resistance. Data from existing studies on steel
fiber-reinforced concrete show that, at optimal dosages,
steel fibers can enhance material properties significant-
ly. For example, an optimal dose of 1% hooked-end fib-
ers increased compressive strength by up to 13.5%, while
a 1.5% dose of shear and waveform fibers improved the
durability factor by 17%. Furthermore, porosity was re-
duced by approximately 30% with 2% of 10 mm microfib-
ers, sulfate expansion decreased by 63% with 1% hooked-
end fibers, carbonation depth was reduced by 39% at 1.5%
hooked-end, and ASR expansions lowered by 42% with
1.3% hooked-end fibers (Panesar et al., 2021). Although
these improvements depend on fiber types, they collec-
tively highlight the enhanced performance of fiber-rein-
forced concrete compared to conventional concrete (Pan-
esar et al., 2021).

Additionally, the development of nano-engineered
concrete represents a significant leap forward in concrete

Table 6. Comparative analysis of concrete under radiation exposure
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technology. Nano-engineering allows for the optimization
of both physio-mechanical and chemical properties at the
molecular level, resulting in concrete that exhibits superior
flexural and compressive strengths, enhanced thermo-me-
chanical properties, and drastically reduced water absorp-
tion rates (Makul, 2020). EI-Sayed et al. (2022) investigated
and predicted the effects of adding different nano addi-
tives such as nano alumina (NA), carbon nanotubes (CNT),
and a hybrid mix of both materials within normal strength
concrete and found that all nano additives at all replace-
ment ratios showed remarkable positive effects while the
hybrid mix of 1.5% NA along with 0.1 CNT showed the
optimum enhancement for both the mechanical and ra-
diation shielding properties. This nano-scale improvement
presents a promising avenue for further enhancing the ra-
diation shielding properties, durability, and sustainability
of concrete structures in nuclear waste management.

The radiation created damage or microcracks in
the mineral of the aggregates, which reduced the con-
crete’s strength and radiation shielding efficiency of the
concrete (Akkurt et al., 2007; Lee et al., 2013). The use
of heavy natural aggregates, such as magnetite or barite,
can improve the physical and radiation shielding proper-
ties of concrete (Abdullah et al., 2022). To maintain the
mechanical stability and improve the leach resistance of
the waste matrix, bidirectional ion-exchange resin is com-
monly used (Frizon & Cau-dit-Coumes, 2006; Duffé et al,
2010, 2012). However, some resins that contain sulphate
ions can impair the stability of binders and concrete, re-
ducing the structural integrity of the concrete (Frizon &
Cau-dit-Coumes, 2006). This impact can be reduced by us-
ing resin that contains encapsulating material such as Am-
berlite (IRN77) (Frizon & Cau-dit-Coumes, 2006).

Overall, the radiation shielding efficiency, compressive
strength retention and durability under thermal stress of
these advanced methodologies are summarized qualita-
tively in Table 6. It can be said that these advanced meth-
odologies not only fulfil the stringent requirements of nu-
clear waste management infrastructure but also contribute

. Radiation shielding Compressive Durability under .
Material efficiency strength retention | thermal stress Primary advantage References
Conventional concrete Low Moderate Poor Cost-effective but Masoud et al.
weak under prolonged | (2020)
radiation exposure
SCM-based concrete High (due to heavy |High Moderate Enhances shielding Hooton and
metal oxides) durability Bickley (2014),
Panesar et al.
(2021)
Fibre reinforced concrete | High for 0.2MeV High High Effective at lower Li et al. (2017)
with barite energy photon
attenuation
Fibre reinforced concrete | High for 0.662 High High Enhanced shielding for |Li et al. (2017)
with granulated ferrous MeV and 1.25MeV high-energy radiation
waste photons
Nano engineered Very high Very high Very high Superior shielding, Makul (2020), El-
concrete strength and durability | Sayed et al. (2022)
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to the broader goals of environmental sustainability and
resource efficiency. However, there is a need for more re-
search in assessing the impact of irradiation on the me-
chanical performance and properties of advanced infra-
structure subjected to prolonged exposure to radiation, as
current research predominantly focuses on comparing the
effectiveness of additives in enhancing radiation shield-
ing properties.

5.3.2. Steel

Prolonged exposure to neutron and gamma radiation
leads to embrittlement, swelling, and corrosion, ultimately
compromising the strength, durability, and sustainability
of steel-based infrastructure. However, various remedies
can be implemented to mitigate these effects at an early
stage. Numerous studies (Zinkle et al, 2017; Shang et al,,
2023; Kan et al., 2020; Benedito et al., 2024) have explored
advanced materials and surface treatments to enhance the
durability, mechanical performance, and radiation resist-
ance of steel.

The development of advanced steel alloys presents
one of the most effective approaches to improving radi-
ation resistance. Reduced Activation Ferritic/Martensitic
(RAFM) steels have been optimized using computational
thermodynamics and modified thermomechanical treat-
ments to enhance their mechanical properties and re-
duce neutron radiation damage (Zinkle et al,, 2017). These
steels incorporate low-activation elements, ensuring long-
term stability while limiting radioactive waste accumula-
tion. Furthermore, Oxide Dispersion Strengthened (ODS)
steels are produced through powder metallurgy by em-
bedding a high density of nanometer-sized oxide parti-
cles in the steel matrix that act as potent sinks for radia-
tion-induced point defects, promoting the recombination
of vacancies and interstitials and thereby controlling radia-
tion damage accumulation (Zinkle et al., 2017). As a result,
ODS alloys demonstrate superior resistance to radiation-
induced swelling and embrittlement compared to conven-
tional steels. For instance, Zinkle et al. (2017) found that
void swelling in ODS ferritic/martensitic steel is negligi-
ble (<5% volume change) even after 500 dpa of irradia-
tion, whereas standard ferritic/martensitic steels began to
swell appreciably at lower doses. Moreover, the oxide nan-
oclusters in ODS steel have been reported to remain stable
under high-temperature irradiation (300-750 °C) up to at
least 50-100 dpa, ensuring durability (Zinkle et al., 2017).

Further advancements have been made through the
introduction of nanostructured steels, which exhibit sig-
nificantly improved yield strength and tensile ductility
due to their unique grain structure. Gradient nanostruc-
tured ferritic steel, for instance, demonstrates an increase
in yield strength by 36% and uniform elongation by 50%
compared to conventionally structured steel (Shang et al.,
2023). Shang et al. (2023) observed that the nanolami-
nate grains in gradient-structured steel facilitate deforma-
tion accommodation, reducing embrittlement while simul-
taneously improving mechanical performance. The study
also documented an increase in yield strength by 36% and

uniform elongation by 50% compared to conventionally
structured steel. These findings highlight the role of na-
nostructured steel in enhancing the durability and service
life of steel-based infrastructure subjected to high radia-
tion exposure.

In addition to material improvements, surface treat-
ments and protective coatings provide an effective means
of mitigating corrosion and wear in radiation-exposed
steel components. The application of biobased ion ex-
changers in corrosion protection coatings has been iden-
tified as a sustainable strategy for enhancing adhesion,
moisture resistance, and corrosion protection (Soroushian
et al., 2022). Soroushian et al. (2022) demonstrated that in-
corporating biobased ion exchangers at 1-2% by weight
in polymer-based protective coatings effectively removes
corrosive ions from diffusing solutions, thereby reducing
steel degradation. Additionally, novel surface treatment
techniques utilizing waste materials have been developed
to enhance corrosion resistance (Kan et al.,, 2020). Kan
et al. (2020) introduced a cost-effective approach using
raw materials obtained from automotive waste, leading to
the formation of a thin ceramic layer on the steel surface.
This treatment significantly reduces decarburization and
improves abrasion and corrosion resistance, extending the
lifespan of steel components in harsh environments (Kan
et al.,, 2020).

By integrating these strategies, steel can be significant-
ly strengthened against radiation-induced degradation.
These improvements collectively enhance the durability,
strength, and sustainability of steel infrastructure, ensuring
that nuclear waste containment systems and surrounding
structures maintain their integrity over extended opera-
tional lifetimes.

6. Conclusions

In the evolving field of nuclear waste management, the
advancements and challenges can be summarized with
key takeaways that capture the essence of the discussion.
These points reflect the ongoing efforts to handle nucle-
ar waste responsibly, keeping human and environmental
safety as top priorities.
= In terms of nuclear waste classification, in general,
nuclear waste is classified into three primary catego-
ries based on radioactivity levels. However, classifi-
cation approaches vary based on different countries,
and notable differences exist among these classifica-
tion approaches. Since the establishment of a stan-
dardised international classification system is vital for
the legitimate regulation of nuclear waste, the IAEA
has put forward a six-category classification system,
and this system is being adopted in the context of
nuclear waste management in Australia.
= Managing nuclear waste requires customized strat-
egies depending on its classification, which ranges
from low-level to high-level. Each type of waste un-
dergoes different processes, with high-level waste
requiring extensive pre-disposal treatments to miti-
gate risks associated with long-term storage.
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= Significant advancements in nuclear waste man-
agement, especially for HLW, include cutting-edge
technologies, including thermal treatment and P&T.
These innovations reduce waste volume and radio-
toxicity, contributing to safer, more efficient waste
handling.

Initiatives such as the PREDIS and THERAMIN proj-
ects under the Horizon 2020 Euratom program illus-
trate the international collaboration driving advance-
ments in nuclear waste management. These efforts
focus on minimising hazards and improving waste
processing efficiency, aided by digital tools and ma-
terial innovations.

In the context of impacts on infrastructure, one ma-
jor concern is the effect of radiation on storage ma-
terials such as concrete. Neutron and gamma radi-
ation degrade concrete over time, posing a threat
to the structural integrity of waste containment. Re-
search suggests that enhanced materials, such as
SCMs and steel fibres, can improve concrete’s resil-
ience against radiation damage. Furthermore, studies
have shown that a 10% drop in compressive strength
can be observed in concrete due to radiation, ac-
companied by an increase in total porosity. More-
over, radiation hardening and embrittlement were
identified as the main concerns when considering
steel structures.

Provided the emergence of advanced technologies
in infrastructure, such as digital fabrication and De-
sign for Manufacturing and Assembly (DfMA) for 3D
printing, further research is required to assess their
potential influence on nuclear waste management.
Additionally, the social impacts associated with these
technological advancements, including internation-
al trade policies, sister-city investments, and tariff
policies, should be explored. A comprehensive fu-
ture study integrating technical and socio-economic
factors is recommended to provide a holistic per-
spective on the evolving landscape of nuclear waste
management.

These conclusions underscore the importance of con-
tinued innovation, collaboration, and research to address
the global challenge of nuclear waste management and
ensure that future generations are protected from the
dangers of radioactive waste. While progress has been
made, gaps remain between historical data and current
conditions in nuclear waste disposal. Ongoing research is
crucial, particularly in developing predictive models and
improving containment materials, to ensure the long-term
durability of nuclear waste management infrastructures.
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