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Abstract. In the realm of radioactive waste management, the impact of radiolysis on bitumen and bitu-
minized radioactive waste also called bituminized waste product (BWP) is considered one of the most
significant factors influencing structural changes and the generation of radiolysis gas bubbles. This review
provides a comprehensive overview of several studies that have explored the intricate interaction between
radiation and various types of bitumen, to gain a better understanding of how such waste ages when
exposed to radiation. While these studies provide insights into the diverse effects of radiolysis on bitu-
men, they also highlight numerous unanswered questions. The absence of gas bubbles does not necessarily
indicate an absence of gas production, leaving further research to be undertaken. The complexities of
bitumen radiolysis offer multiple avenues for future investigation, aiming to enhance our understanding
and provide comprehensive solutions for bituminous radioactive waste management. Among the studied
types of bitumen, blown R85/40 bitumen and straight-run distilled bitumen with a penetration grade of
70/100 stands out due to their widespread use in immobilizing co-precipitated radioactive sludges. These
bituminous matrices play an essential role in understanding the broader implications of radiolysis within
the context of bituminous waste management. This review underscores the significance of further research
into radiolysis and bitumen ageing, emphasizing the need for a more in-depth exploration of these com-
plex phenomena and their implications for the long-term safety and efficacy of repositories and disposal
facilities.

1 Introduction

The bituminization of radioactive waste is a technology
widely used to immobilize and contain radioactive waste in
a bitumen matrix [1,2]. The bituminized radioactive waste
or bituminized waste product (BWP) is mostly classified
as intermediate and low-level waste (ILW and LLW). This
process provided several advantages at the time, includ-
ing a low radioactivity leaching rate, assumed chemical
stability and inexpensive cost [3,4]. Nevertheless, it has a
number of disadvantages, notably the lack of waste volume
reduction, the fire hazard, the weak resistance to biodegra-
dation and the risk of soil contamination with nitrates
[5]. One of the key issues in the radiolysis of bituminized
radioactive waste is its degradation by ionizing radiation
emitted by radioactive waste. In fact, this radiation has
the ability to break the chemical bonds in bitumen, result-
ing in the production of radiolysis products such as free
radicals [6]. These radicals can subsequently react with the

∗ e-mail: hanaa.houjeij@irsn.fr

bitumen components, resulting in the progressive chemi-
cal degradation of the material. Therefore, the radiolysis
can weaken bitumen’s structure, which may increase the
risk of potential radionuclide leaks into the environment
[7]. Another major issue is the release of radiolytic gases
produced during bitumen decomposition [6]. These gases,
such as hydrogen and methane, can accumulate inside
waste packages and increase internal pressure. This accu-
mulation of gases can potentially lead, in the event of a
fire, to deformation or rupture of the packages, thus com-
promising the long-term integrity of the repository [8,9].
Understanding the radiolysis of bituminized waste is thus
essential for assessing the long-term safety of repositories
and disposal facilities during the operational period. This
review specifically addresses the radiolytic behaviour of
bituminized radioactive waste when stored and disposed
of in dry, well-ventilated conditions. In this regard, the
scientific community has expended an enormous effort on
understanding bitumen radiolysis. However, the diversity
of bitumen types, wastes, and experimental methodologies
has received little attention in the literature.
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In the last two decades, our understanding of bitumen
behaviour has significantly evolved, despite the extensive
research conducted between the 1980s and 2000s [6,7,10–
13]. While a wealth of data exists regarding bituminized
waste materials from diverse waste-producing nations,
there remains a scarcity of studies that compare the
diverse applications of bitumen in the context of various
radiation sources. This review aims to address this gap
by examining and comparing different bituminized wastes
and the various bitumen types used to embed radioactive
waste. Embedding refers to the immobilization of solid
waste achieved by enclosing it within a matrix material
to create a distinct waste form [10]. It summarizes and
appraises the effects of radiolysis on various bitumen and
waste forms in order to gain better insights into bitumen
ageing under irradiation. Firstly, the different types of
bitumen and radioactive wastes embedded in the bitumi-
nous matrix are summarized. Then, a detailed overview of
the experimental approaches used to investigate the differ-
ent radiations is provided. Thereafter, the review empha-
sized the numerous chemical, rheological, and thermal
effects on the material. Finally, the generation of radioly-
sis gas (gas composition, bubble formation, and swelling)
is discussed.

2 Diversity of bituminous materials:
understanding the different types of BWP

2.1 Bitumen type

Given the concerns about radiation and heat stability
(both in terms of potential fire hazard and plasticity at
elevated temperatures), bituminization is generally lim-
ited to materials with low heat production and low con-
centrations of alpha-emitting radionuclides. Further, some
countries use bitumen as an immobilization matrix spar-
ingly [14]. However, to produce BWPs, a diverse sort of
bitumen was used.

First, according to IAEA [2], distilled bitumen is used
in Switzerland, Sweden, the former Soviet Union (Ukraine
and Lithuania [15]), Belgium and France. It consists of a
two-stage distillation process: air distillation followed by
vacuum distillation. The bitumen thus obtained contains
no additives that alter its consistency [6]. Ebano 15 bitu-
men, grades1 70/100 and 80/100 bitumen are examples
of this category. The nomenclature H is followed by two
numbers or just two numbers corresponding to the range
of softening points of this grade of bitumen. The penetra-
tion of this grade of Mexphalte is ranged between 6 and
12 1/10mm at 25 ◦C. H is for Hard bitumen [16].

Another method, “blowing”, involves injecting air into
a bituminous base heated to between 300 and 340 ◦C.
The nomenclature R is followed by two numbers corre-
sponding to their softening temperature and R is used

1 Bitumen grade is a combination of standardized tests (pen-
etration, viscosity, and softening point) that ensures a certain
bitumen quality.

for Oxidized bitumen. In this case, the first figure cor-
responds to the softening point and the second one is
for penetration, i.e., R85/40 has a ring and ball or soft-
ening point of 85 ◦C and a penetration at 25 ◦C of 40
1/10mm. In blown bitumen, the absorbed molecular size
of the asphaltenes already present in the feed increases,
and new asphaltenes are formed from the maltene phase
[16]. Blown bitumen or Oxidized bitumen is used in Japan,
Belgium and the United States, and has been extensively
studied in Belgium [17]. One of the most widely used bitu-
men for waste conditioning is Mexphalt R85/40.

Finally, there is the cracking bitumen “Carbasphalte
95/1” and “Carbasphalte 155/0” [16] and emulsified bitu-
men. Cracking bitumen is produced through the pyro-
genic breakdown of heavy molecules. They have not been
selected and used for embedding evaporative concentrates
due to their hardness and the resulting embeddings’ high
fragility. However, considering research on their behaviour
under ionizing radiation, this work presents the studies
conducted on this bitumen. Emulsified bitumen is pro-
duced by direct injection and emulsification of bitumen in
water [2,18].

Each of these methods is used in different countries
according to their needs and specific bitumen applica-
tions. Bitumen is classified based on the depth to which a
standard needle penetrates under specific test conditions.
This needle penetration test is used to indicate the hard-
ness of the bitumen. It is possible to plot the penetration
as a function of temperature and calculate a penetration
index, which is very useful for assessing the bitumen’s sus-
ceptibility. The test of penetration is made based on the
European standard EN 1426 and determines the depth
to which a 1 mm diameter needle penetrates a sample of
bitumen maintained at 25 ◦C under a 100 g load applied
for 5 s. The result of this test is expressed in tenths of mil-
limetres. All bitumen studied in this review is presented
in Table 1 by bitumen type (distilled, blown or cracking
bitumen).

2.2 Radioactive waste embedded in bitumen

From the 70’s to 2022, bituminized literature stated
numerous forms of waste embedded in a bituminous
matrix [1,2,15,18,19]. Currently, according to Ojovan [18],
the total volume of BWP exceeds 200 000 m3.

Four waste types are identified: (i) sludge and slurry,
(ii) spent ion exchange resin, (iii) liquid waste concentrates
and (iv) incinerator ash. Nonetheless, the literature on this
form of bitumen usage is limited. As a result, this review is
concentrated on the four forms of radioactive waste stated
above. These waste types are briefly detailed below. On
the other hand, some nations have combined many waste
streams into the bituminous matrix. For example, Table 2
presents a scenario in Sweden [15,20], where ion exchange
resins, concentrates and cellulose are embedded in the
bituminous matrix.

2.2.1 Sludge and slurry

The purpose of this treatment is to process large quanti-
ties of radioactive liquids while producing a small quantity
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Table 1. Bitumen types used in irradiation studies.

Distilled bitumen Blown bitumen Cracking bitumen

Bitumen Mexphalt 10/20, 20/30, R85/40, R20/30, 40/60, Carbasphalte
types found 40/50, 60/80 H80/90, R90/40, R115/15, BDN 95/1,
in the literature 35/50, 70/100, 80/100, 60/90, Pionner 312, Carbasphalte

Ebano 15, Mexphalt 34, 155/0
Mexphalt 35,

Table 2. Waste composition of a reference package extract from SKB report in 2001 [20].

Category Bitumen Ion exchange Evaporator Cellulose
resin concentrate

F.05 95 130 – –
F.17 820 650 120 3.6
F.18 960 600 – –
F.20 3420 4680 – –
B.05 150 50 –∗ –
B.06 150 50 –∗ –
B.20 5400 1800 –∗ –

∗Present in small quantities in the waste from Barsebäck NPP.

of waste. It consists of adding a small quantity of non-
radioactive salts with a specific chemical affinity to the
radionuclides in the liquid waste. This generates insoluble
precipitates to which radionuclides can be attached either
by co-precipitation or by adsorption. Filtration, centrifu-
gation, or decantation are subsequently used to concen-
trate the sludge. Slurry, unlike sludge, does not require any
extra treatment. This process of radioactive waste treat-
ment is carried out by several nations, including France,
Belgium, Russia, Ukraine [1,2,15,19], and Poland [21].

2.2.2 Spent ion-exchange resin (SIERs)

In the nuclear industry, ion exchange resins are widely
used to remove radioactivity from process liquids and
waste streams. For example, SIERs are used for coolant
purification and filtration and secondary circuits of pres-
surized water reactor (PWR), in moderator and pri-
mary coolant circuits of pressurized heavy water reactor
(PHWR) and in feedwater and coolant purification of boil-
ing water reactor (BWR). Such resins are mainly used
in the form of organic resins, whether beads or powders.
However, inorganic materials have gained an increasingly
important role in the selective removal of specific radionu-
clides [22]. It is worth noting that some ion-exchange
resins used in reactors are recycled, whereas others are
for a single use. These resins are bituminized in several
countries such as Finland, Sweden, and Czech Republic
[1,2,15,19].

2.2.3 Liquid waste concentrates

Effluent evaporation produces liquid waste concentrates
with high concentrations of inactive soluble salts and

low suspended particulate content. To prevent crystalliza-
tion, certain concentrations are maintained heated. In sev-
eral countries, including Belgium, Germany, Switzerland,
Sweden, Japan, Lithuania, and Russia, these forms of liq-
uid waste concentrations are solidified by homogeneous
incorporation into bitumen [1,2,15,19].

2.2.4 Incinerator ash

The volume of incineration ash produced by waste treat-
ment is significantly reduced, yielding an inert oxide prod-
uct containing some percentages of carbon as well as a
radioactivity concentration in the ash. One of the issues
associated with ash management is the wide size range
and the presence of metals unless the trash has been pre-
treated prior to incineration. To avoid mechanical failure
of bituminizing equipment, ash particle separation must
be employed. Mixing incinerator ash with bitumen is con-
sidered by Canada [2] and Belgium [15].

2.3 Absorbed dose and dose rate of bituminous waste
packages

The knowledge of bituminized waste absorbed doses and
dose rates is essential for determining waste acceptance
criteria (WAC) regarding storage and disposal facilities,
as well as for studying and understanding radiolytic pro-
cesses.

Sweden [20] has estimated the exposure of these bitu-
men waste packages over a 10 000-year period on the basis
of its radionuclide inventory and package type and fore-
casted a cumulative dose of 0.01–0.1 MGy. For the Belgian
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Eurobitum [23], average and maximum dose rates are esti-
mated for alpha and gamma radiation for periods of 1
year, 100 years, and 100 000 years, as shown in Table 3.
For instance, a maximum dose rate of 0.008 Gy/h is esti-
mated for a period of 100 000 years. On the other hand,
an absorbed dose of 4.5 MGy [24] over 200 years is esti-
mated for French bitumen waste. Indeed, the dose rates
for the French bituminized waste generated at La Hague
termed STE3 (Effluent Treatment Plant 3) bituminized
waste, range between 5 and 10 Gy/h. This rate is roughly
a factor of ten lower after 50 years [25].

3 Bitumen radiation interaction

3.1 Phenomenology

The fundamental processes involved in the interaction
between ionizing radiation and matter are shared by all
organic matter and produce free radicals [26].

Under irradiation, bitumen releases H2 through a rad-
ical process. Indeed, in hydrocarbons, composed solely of
carbon and hydrogen, the breaking of a C-H bond produces
a highly reactive H radical. The latter can rip a hydrogen
atom from a neighbouring CH2 group. This in turn gen-
erates new macroradicals, H2 molecules as well as volatile
hydrocarbons (CH4, C2H4, C2H6, or C3H8) [6]. Further-
more, under anaerobic conditions, macroradicals can origi-
nate at the centre of the bitumen, and through cross-linking
reactions, they will produce bridges by forming unsaturated
bonds, rearrangement, or coupling with other free radicals
[6,23]. Nevertheless, the presence of oxygen in the proxim-
ity of the radicals produced during irradiation is the key
distinction between the core and the surface of the irradi-
ated material. Indeed, the investigation of radio-oxidative
modifications revealed that the bituminized matrix is
highly sensitive to the presence of oxygen and to the
irradiation factors. In particular, this ageing process may
lead to a variation in the structural properties of the
bitumen throughout the oxidation process, such as the
development of polar oxygen species (ketones, sulfoxides,
carboxylic acids, alcohols, etc.) [25]. This latter may tend
to form micelles with a larger molecular weight and release
CO2 and CO [6]. According to a previous study [17], involv-
ing dioxygen reactions, occurred both within the surface
and at a depth of the bitumen. Indeed, the evolution of the
oxidized thickness appears to be proportional to the square
root of the dose and inversely proportional to the dose rate
for tests irradiated at low dose rates. Considering radioac-
tive decay, the thickness of the oxidized zone after 200 years
of storage can be estimated between 3.5 and 5 cm (this is
detailed in 0). Moreover, data extrapolation implies that
this oxidation happened further in the drum, but it is diffi-
cult to precisely determine the depth at which it occurred
[25]. All the phenomena discussed above are summarized in
Figure 1.

3.2 Radiosensitivity of different organic families

The bitumen industry uses a variety of methods to
produce bitumen from the refining of bitumen. The

oil firms recommend categorizing crudes based on the
proportions of the following families: saturates repre-
sented in Figure 2D, aromatics (alkene, alkyne) rep-
resented in Figure 2C, resins (e.g. alkane or paraffin)
represented in Figure 2B and asphaltenes represented in
Figure 2A as well as to their sulphur content [16,27,28].
The analysis which determines the percentage of Satu-
rates, Asphaltenes, Resins and Aromatics is called SARA
analysis.

In the realm of radioactive waste treatment, under-
standing the radiosensitivity of the various organic species
composing the bitumen is crucial. The component of
bitumen consists of four main families: (i) saturates (ii)
asphaltenes, (iii) aromatics and (iv) resins.

The term “saturates” comes from the fact that certain
carbon atoms are linked to the largest possible number
of hydrogen atoms [23]. Accordingly, this family includes
linear alkanes which are the most radiosensitive molecules.
Mouazen [29] reported that the fraction of saturates in
bitumen 70/100 decreased as the absorbed dose increased
during irradiation. The latter is related to the C–C bond
breakage in the tertiary carbons, i.e., the carbons bonded
to three other carbon atoms of alkanes [6].

Asphaltenes are extremely polar, complex aromatics
with a very large molecular weight [30]. It is frequently
related to the viscosity of bitumen (higher asphaltene
content produces harder bitumen with lower penetration,
hence higher viscosity). Indeed, asphaltene nanoaggre-
gate can be formed via the stacking of polycyclic aro-
matic hydrocarbons (PAHs) branched by alkane chains
[31]. Owing to the presence of heteroatoms (N, O, S),
PAHs are the first site of intermolecular interaction as
well as being polarizable [16,31]. With an average of six,
these nano aggregates may be organized to create aggre-
gate clusters. Asphaltene clusters can no longer expand
beyond this structure, and the maximum number of nano
aggregates per aggregate is predicted to be eight. Fur-
thermore, asphaltene structure (heteroatoms, number of
aromatic rings, and alkyl side chains) and percentage are
essential criteria for determining the effect of radiolysis on
bitumen. Indeed, Mouazen [29], Sobolev et al. [32], and
Mijnendonckx et al. [30] observed an increase in the num-
ber of C=O and C=C groups, and in asphaltene content,
a decrease in saturates and aromatics content, and a con-
sistent amount of resins for the radio-oxidation process.

Resins are often referred to as “polar aromatics”. Their
structure is similar to that of asphaltenes, with a lower
molar mass.

Aromatics are formed up of non-polar carbon chains
with unsaturated (aromatic) ring systems that have a
high ability to dissolve other high molecular weight hydro-
carbons [16]. Aromatics are more resistant to ionizing
radiation than alkanes and alkenes due to delocalized π
electrons that prevent bonds from breaking [6,23]. For the
70/100 distilled bitumen, they are the dominating propor-
tion, accounting for between 30 and 55% of the absorbed
mass and are primarily responsible for the glass transition
of bitumen with non-crystallized saturates [30]. Irradia-
tion causes aromatization (an increase in the content of
unsaturated chains and aromatic rings, accompanied by
a decrease in aliphatic chains), resulting in the rigidity
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Table 3. Evolution of the average dose rates in the course of time in Eurobitum containers with average and maximum
activity data extracted from [23].

Duration Alpha Alpha max Beta/gamma Beta/gamma
average dose dose rate average dose max dose rate

rate rate
Year Gy/h Gy/h Gy/h Gy/h

1 0.6 1.6 5 20
100 0.8 2.2 1 5.5
100 000 0.05 0.1 0.002 0.008

Fig. 1. Comparison of Aerobic and Anaerobic Radiolysis Effects on bitumen (based on data from [6,17,25,33,34]).

of the bitumen’s internal structure, as reported previ-
ously [30]. Furthermore, the author showed that when the
bitumen aromatizes, the masses of aromatics, resins, and
asphaltenes increase, thus resulting in a more compact and
denser asphaltene structure under irradiation.

4 Experimental setups for bitumen irradiation

To investigate these radiolytic phenomena, laboratory
experiments were carried out in which bitumen was irra-
diated with various types of radiation (alpha, beta, and
gamma). Most of these studies attempted to acceler-
ate radiolytic phenomena in order to observe the impact
of several hundred years of irradiation over short time
periods.

4.1 Alpha radiolysis

In the early 1980s, few studies investigated the impact of
alpha radiation on bitumen matrices [26,35,36]. To over-
come this lack of knowledge, several studies were carried
out in the same period at Los Alamos (New Mexico) [35],
AERE Harwell (United Kingdom) [26] and Karlsruhe,
(Germany) [36]. They focused on the production of radi-
olysis gas and the impact of radiation on the radiolytic
yield. The experimental data are summarized in Table 4.

4.2 Beta irradiation

To assess the influence of beta radiation, irradiation exper-
iments were performed employing electron gas pedals by
the Commissariat à l’Énergie Atomique CEA (French
Atomic Energy Commission) at the Marcoule site [37]
in the 1960s. Straight-run distillation bitumen (Mexphalt
40/50 and H80/90), blown bitumen (Mexphalt R90/40
and R115/5) and cracking bitumen (95/1 and R115/15)
were all investigated. Samples were irradiated using a Van
de Graaff gas pedal, which produced a 1 MeV electron
flux at dose rates ranging from 1 MGy/h to 100 MGy/h.
Even though the employed dose rates are not representa-
tive of the real ones, the analysis of these diverse samples
revealed that blown bitumen degrades less than the distil-
lation bitumen or cracking bitumen. Besides, under such
dose rates that are higher than real dose rates, a ther-
molysis effect can be developed. As a result, it will be
difficult to distinguish between thermolysis-related alter-
ations and irradiation-related deterioration. Similarly, it
has been reported [37] that the absorbed dose rate has a
considerable impact on bitumen behaviour.

4.3 Gamma irradiation

The most prevalent form of irradiation used to study bitu-
men radiolysis is gamma irradiation. Table 5 lists the dif-
ferent types of bitumen, the irradiation sources, the dose
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Fig. 2. Gamma radiosensitivity of main fraction of bitumen with some examples of molecular structures: (A) asphaltene, (B)
resin, (C) aromatic and (D) saturate based on data from [16,30,31,34,38].

Table 4. Summary of alpha irradiation experiments by bitumen type, specific activity, absorbed dose and dose rate.

References Alpha source Bitumen Specific activity Dose rate Absorbed dose
(mCi/g) (Gy/h) (MGy)

[35] 238PuO2 and Distilled bitumen 64 and 0.4 Not specifiedb Not
239PuO2 specified

[26] 241Am Mexphalt R85/40 0.80 90 0.56
[36] Cm2O3 and PuO2 Ebano 15 et 4 44,5c 1.0–24

Mexphalt R85/40
bThe value reported in the literature is known as dosage rate, although the unit is Ci/g, which is a measure of specific activity.
cCalculated from the literature value 3.9 107 rad.an−1.

Table 5. Summary of gamma irradiation experiments in terms of bitumen type, dose, and dose rate.

References Bitumen Source Dose rate Absorbed dose
(Type or grade) (Gy/h) (MGy)

[37] 40/50, H80/90, 60Co 400–2400 27.6
R80/90, 95/1, 155/0 137Cs 1000

[29] 70/100 60Co 5000 1–7
[36] Mexphalt 34 and 35, 60Co 1000 34× 10−6–550

R85/40 ×10−3

[25] 70/100 60Co 15 and 45 0.03
150 and 450

[39] 60/80, R20/30 60Co 610 10
1200

12 000
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rate, and the absorbed dosage used in these studies. The
tested doses ranged from 0 to 27 MGy and are repre-
sented in Figure 3. Most experiments are performed with
Cobalt-60 sources. For example, for 70/100 bitumen, some
experiments have been carried out on CIGAL irradiator
(Conservation par Ionisation Gamma des Aliments) at
CEA Cadarache and Isotron irradiator (Marseille) [25,29].

The behaviour of Mexphalt R85/40 blown bitumen
under irradiation (alpha, beta and gamma) is extensively
studied by several laboratories around the world [32,35].
Bitumen 70/100, which is commonly used in the French
nuclear industry, is thoroughly researched, particularly
with regard to gamma irradiation [29,38]. Cracking bitu-
men is not chosen as a radioactive waste matrix due
to its hardness and the high friability of the mixtures
obtained [37].

The literature [30,37] showed that absorbed doses and
dose rates have a significant influence on bitumen perfor-
mance. Further, Burnay [26] highlighted that, regardless
of the bitumen type, one of the major conclusions is that
the modifications in bitumen properties are more signifi-
cant for alpha at equivalent absorbed doses. As such, it is
recommended that caution must be taken while simulat-
ing alpha damage using gamma irradiation. In fact, when
exposed to external gamma irradiation or 10 MeV elec-
trons, the average H2 production yield rises by a factor
of 2.7.

5 Material properties under irradiation

The material properties define how a material responds
to mechanical forces (such as strength, hardness, elastic-
ity, plasticity, and so on) as well as changes in tempera-
ture and thermal conditions (such as thermal conductivity,
thermal expansion, heat capacity, etc.). These characteris-
tics are critical in the selection and design of materials for
various applications. This section examined the effects of
radiolysis on bitumen properties such as rheology, chemi-
cal, and thermal properties.

5.1 Chemical properties

The chemical characteristics of bitumen provide impor-
tant information about its molecular composition and the
types and amounts of hydrocarbons present in the mate-
rial. The link between bitumen’s chemical composition
and physical qualities such as viscosity and viscoelastic-
ity is critical in bitumen use [40]. Despite the bitumen
composition that depends on its source and protocol of
synthesis, bitumen is mostly composed of aromatic and
aliphatic hydrocarbons, as mentioned previously in section
0. In this respect, many rheological and thermal properties
will be determined by the quantities of these compounds.
Several methods can be used to assess the organic content
in natural or industrial bitumen mixtures, including C-H-
O analysis, Rock-Eval pyrolysis, SARA fractionation and
infrared spectroscopy [41–44].

The long-term evolution of bituminized waste drums
containing salts (sludge, slurry and concentrate) is a major

concern for several countries [15]. In fact, several countries
are interested in both the problems of storage and disposal
in the operational phase [8,9,15,23], and storage after clo-
sure after more than 100 years when the water from the
host rock completely saturates the storage cells containing
the bituminised radioactive waste packages [45–50].

To study long-term phenomena, one proposed
approach is to use natural analogues. Indeed, a num-
ber of similarities and comparable properties are iden-
tified in the literature [3,4,41–44,51–56] between indus-
trial (depending on the production methods, the nature
of the used petroleum, etc.,) and natural bitumen. Stud-
ies on irradiated natural bitumen analogues [41–44,51–56]
demonstrated that the combined effects of various alter-
ations (leaching, microbial alteration, radiolysis) induce
chemical changes such as i) an increase in the content of
oxygenated compounds and hydroxyl and carboxyl func-
tional groups; ii) a decrease in aliphatic chains and iii)
an increase in aromaticity and cross-linking via oxygen
bridges. Indeed, the authors [39,40,45–50,57] noticed an
aromatization of molecules as well as a loss of functional
groups and atoms. For instance, the H/C ratio tends to
decrease on average, whereas the O/C ratio increases.
Mouazen [29] reported similar results when irradiating
70/100 bitumen. The author [29] noticed that the aro-
matic and resin fractions increased due to the decrease
in the percentage of aliphatic and aromatization of the
bitumen during irradiation.

In summary, the literature [3,4,41–44,51–56] showed
that industrial bitumen and natural analogues may be
compared. Despite the results that appear to be similar in
terms of increased aromaticity, increase in radio O/C and
decrease in radio H/C, etc., natural bitumen is subjected
to other phenomena (leaching alterations, microbial alter-
ations, and radiolysis) that may alter its chemical compo-
sition [41]. Bitumen alteration by leaching phenomena is
more detailed in the literature [45–50]. Thus, understand-
ing irradiation processes on real drums would improve the
forecasting of waste matrix ageing and, consequently, the
simulation models used to estimate the potential fire haz-
ards of storage and disposal facilities.

5.2 Rheology

One of the main physical properties relevant to the per-
formance of bitumen is its rheology [16]. It can be evalu-
ated regarding bitumen viscosity or complex elastic mod-
uli. From a practical point of view, penetrometry experi-
ments are also performed to have a rapid and qualitative
estimation of bitumen behaviour.

5.2.1 Viscosity

Bitumen’s viscosity can be modified over time owing to
physical and chemical processes such as polymerization
and evaporation of volatile components. These modifi-
cations can fluctuate the bitumen viscosity over time.
According to the IAEA review [2], the viscosity of blown
bitumen under irradiation at ambient temperature is
significantly less time-dependent than that of distilled
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Fig. 3. Absorbed dose scale for bitumen experiments with alpha and beta radiation and examples of BWPs absorbed doses.

bitumen. This property of minimal time dependency of
viscosity is maintained even at higher temperatures, such
as 60 ◦C. This implies that the viscosity of blown bitumen
is reasonably stable at various temperatures and is not
subject to significant change over time. In contrast, the
viscosity of distilled bitumen may vary considerably over
time.

The viscoelastic character of blown bitumen, in partic-
ular the R85/40 bitumen, has been studied and modelled
previously [58]. In this model, underwater swelling is con-
sidered rather than radiolytic swelling. On the other hand,
Tabardel-Brian et al. [37] showed that blown bitumen is
more resistant to degradation induced by gamma radia-
tion, and BWPs made from blown bitumen exposed to
gamma radiation exhibited an absence of volume growth.
Particularly, research studies [2,26] showed that Mexphalt
R85/40 bitumen cracks, whereas distillation bitumen is
less viscous and swells up. Thus, the changes in viscosity
as a function of irradiation are most relevant for distilla-
tion bitumen.

Mouazen’s research work [29,59,60,62] provided a bet-
ter understanding of the evolution of the rheological prop-
erties of 70/100 bitumen subjected to gamma irradiation.
Mouazen’s [29] rheological measurements were performed
utilizing the stress mode on a controlled stress rheome-
ter (ARG2, TA Instruments) fitted with an electrically
heated plate (EHP) system for thermal stability and par-
allel plate geometry (25 mm diameter, 1 mm gap). Stress
sweep experiments from 10−5 to 100 s−1 were used to
create viscosity curves in the 22–70 ◦C range and the
corresponding shear stress was measured once steady-
state flow was detected. A stabilization time of 60 s is
chosen for all conditions, which was shown to be suffi-
cient to provide a steady shear rate within 5%. Based
on the obtained results, a rheo-ageing law based on
the Krieger-Dougherty model was proposed, covering the

entire reversibility period. This law considers the irradi-
ation dose, the volumetric fraction of salts incorporated
in the bitumen, and the temperature. Furthermore, the
author [60] demonstrated that the viscosity of 70/100 bitu-
men changes with temperature in two regimes: (i) tem-
peratures below 50 ◦C and (ii) higher temperatures. The
activation energy value is determined to be 175 kJ/mol for
the 22–50 ◦C range and 117 kJ/mol for the 50–90 ◦C range.
These findings indicate that bitumen viscosity is more sen-
sitive to temperature fluctuation at low temperatures than
at high ones. Nevertheless, Mouazen [29] measured the
viscosity of pure 70/100 bitumen and STE3 type inactive
mixes (70/100 bitumen and sludge) at an absorbed dose
of 5 MGy and at various temperatures (between 22 ◦C and
50 ◦C, the temperature at which 70/100 bitumen can be
considered a Newtonian liquid [57], and 70 ◦C, the tem-
perature corresponding to a bitumen mix’s flow thresh-
old). The results revealed that the absorbed dose also has
a considerable effect on bitumen viscosity and BWRs, as
summarized in Table 6.

Further, a complete study of the rheology of bitumen
35/50 [61] was carried out using ultrasonic measurement
within the framework of construction and civil engineering
rather than the treatment of radioactive waste. Thus,
the ageing of bitumen was not considered in the lat-
ter study. To our knowledge, post-irradiation rheological
studies have not yet been carried out on other distilla-
tion bitumen. Nevertheless, the dose limit for studying
bitumen viscosity is one of the constraints highlighted by
this review. Indeed, research studies performed by CEA
[37] indicate that most of the bitumen was coked, i.e.,
the formation of solid coke, above a certain dose in beta
irradiation (30–100 MGy). Thus, this coked bitumen was
too solid to be studied with a plate micro-viscosimeter.
However, those that could still soften did so at such a
high degree that measurements became unfeasible. To
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Table 6. Evolution of viscosity as a function of temperature and absorbed dose. Results from Mouazen’s thesis [29].

Dose 70/100 STE3 Bituminized waste product
Viscosity at Viscosity at Viscosity at Viscosity at Viscosity at Viscosity at

22◦C 50◦C 70◦C 22◦C 50◦C 70◦C
(MGy) (Pa.s) (Pa.s) (Pa.s) (Pa.s) (Pa.s) (Pa.s)

0 4.40× 105 940 56 1.35× 106 3.67× 103 220
5 1.18× 106 3.08 × 103 128 1.10× 107 18.2× 103 695

our knowledge, no prior studies have examined equivalent
phenomena in other irradiation studies. However, the
authors of the study [37] indicated that, owing to high
dose rates, the thermal effects could be inextricably linked
with radiolysis effects.

5.2.2 Bitumen hardness

Penetration is defined as the depth to which a standard
needle of a specific shape penetrates vertically into a bitu-
men sample under a given load and temperature. The pen-
etration test is performed by applying a specific force for
a given time to the needle, followed by a free fall onto
the bitumen sample. The distance at which the needle
has penetrated the bitumen during a given time inter-
val is measured and expressed in tenths of a millimetre
(0.1 mm). Bitumen penetration is sensitive to tempera-
ture, bitumen composition and the presence of additives
or modifiers. It is widely used to characterize bitumen
consistency and quality. The penetration of bitumen is
inversely related to its viscosity: the lower the penetration
figure, the harder the bitumen and vice versa. The impact
of irradiation is known to increase the bitumen viscosity
and make it harder [2,34,57]. However, for R85/40 bitu-
men, the needle penetration depths reported [17] for unir-
radiated samples and nitrogen-irradiated samples up to
770 kGy are comparable to around 2 1/10mm. This shows
that the influence of irradiation on this feature of bitumen
is quite minor for this type of bitumen.

5.3 Thermal properties

In the case of bitumen, various thermal properties are crit-
ical for process development as well as for storage safety
in the event of an accident, such as a fire. For instance, it
includes softening point, glass transition temperature (Tg)
and thermal capacity (Cp).

5.3.1 Softening point and glass transition temperature

Both the softening point and the glass transition tempera-
ture are essential features of polymers, including bitumen.
The softening point is generally associated with the ther-
mal properties of the material, in particular its melting
properties as the temperature rises. Tg is defined as the
temperature at which an amorphous solid becomes brit-
tle and soft. Precisely, it is a kinetic process characterized
by a change in baseline, which corresponds to a change

in thermal capacity [40]. According to Lesueur [28], Tg

is one of the most important parameters describing the
structure of a bitumen. Indeed, it is an indication of the
material’s stiffness at lower temperatures in bitumen con-
taining large polymer fractions [28,59,62]. However, it is
not applicable to all bitumen.

The softening point is an important input for the
study of bitumen, both for BWRs produced with distilla-
tion bitumen and blown bitumen, particularly for sludge,
slurry, concentrate, and incineration ash incorporation
processes. Concerning blown bitumen, investigations [17]
on unirradiated and irradiated BWR samples containing
Mexphalt R85/40 bitumen revealed that the softening
points are 126 ◦C and 128 ◦C, respectively. This implies
that irradiation has little effect on the softening point. We
are not aware of any studies on the effect of irradiation on
other types of blown bitumen.

In the case of distillation bitumen, researchers were
focusing on the evolution of the process, as demonstrated
by Shon [63] in 2000. The purpose was to mix spent agri-
cultural polyethylene PE (between 5 and 10% by mass)
into 60/70 distillation bitumen. The idea was to use a bitu-
men matrix to encapsulate radioactive incinerator ash.
This study revealed that adding 5% by weight or more
of used PE to bitumen boosts the softening point above
118 ◦C. However, the authors say that above a certain PE
loading, there is no effect on the softening point. This is
due to the softening point of the used PE (about 105 ◦C).

In 1998, studies [64,65] were carried out on the glass
transition temperatures of asphalt cement. Differential
scanning calorimetry (DSC) curves showed several of
these transitions, along with similarities between thermo-
analytical and rheological characteristics [64,65]. This is
an approach from the Strategic Road Research Program
that defines certain parameters characterizing the rheolog-
ical properties of bituminous cement(s). The crystallized
fractions and glass transition temperature appear to be
largely responsible for the physical hardening that occurs
over time, and the extent of this hardening also depends
on the position of Tg with respect to the specified condi-
tioning temperature. This technique was used by Mouazen
[29] who highlighted two glass transitions in 70/100 dis-
tillation bitumen. Given the complexity and instability of
this bitumen, three heating and cooling cycles from −90 to
100 ◦C were performed at a heating rate of 5 ◦C/min with-
out altering the sample. The glass transition (Tg) values
were determined during the second heating cycle. Accord-
ingly, the maltene matrix revealed the first glass transition



10 L. Millot et al.: EPJ Nuclear Sci. Technol. 10, 4 (2024)

Fig. 4. The evolution of the glass transition temperature as
a function of gamma irradiation dose for a 70/100 bitumen
extracted from Mouazen thesis [29].

at approximately −20 ◦C, while asphaltenes revealed the
second transition between 50 and 70 ◦C. Interactions
between asphaltene aggregates were also observed at these
temperatures. The author [29] irradiated this 70/100 bitu-
men and obtained the result shown in Figure 4. Indeed, a
noteworthy trend is observed in the glass transition tem-
perature (Tg) as we progress from 0 to 1 MGy, where
Tg increases significantly from approximately −20 ◦C to
−14◦C. Subsequently, within the range of 1–2 MGy, Tg

stabilizes at around −14 ◦C. However, between 3 MGy and
5 MGy, Tg shows a linear increase, climbing from −12 ◦C
at 3 MGy to −6 ◦C at 5 MGy.

To conclude, for both distilled and blown bitumen,
radiolysis increases the softening point of Mexphalt 35
and Mexphalt R85/40 bitumen [2] and the glass transi-
tion (Tg) for 70/100 bitumen [29].

5.3.2 Thermal capacity

The knowledge of Cp as a function of dosage is essential
for the support of the safety approach and the control of
the fire risk hypotheses as well as for the propagation of
a fire to a nearby package in storage settings. The litera-
ture on the thermal capacity of irradiated bitumen is quite
limited. Indeed, a single research study [29] on 70/100
bitumen revealed the effect of gamma irradiation on this
thermal characteristic. A modulated Differential scanning
calorimetry was used for the measurements. The concept
is based on the use of a linear heating rate and a sinusoidal
temperature oscillation at the same time. In crucibles,
10 mg of bitumen is added and purged with nitrogen
in aluminium crucibles. Measurements are carried out
using inert gas scavenging to avoid interactions with the
furnace environment. As a result, the thermal capacity
of 70/100 bitumen increased from 0.16 J/g.◦C for unir-
radiated bitumen to 0.49 J/g.◦C for irradiated bitumen
at 5 MGy.

6 Radiolysis gas

The formation of radiolysis gases is one of the macroscopic
aspects of radiolysis events that has a significant influence
on nuclear safety, particularly the fire risk [8,9]. Accord-
ingly, in this section, the composition of radiolysis gases
and the chemical species generated during the irradiation
are reported, along with the different factors impacting
gas composition and distribution. Thereafter, the radi-
olytic swelling of bitumen is presented, focusing on the
impact of gas buildup inside the bituminous matrix on
the mechanical properties of the material.

6.1 Gas composition and distribution

6.1.1 Dose rate and absorbed dose

The major gas formed for both blown [26,39] and distilled
[6,25,39,66] bitumen irradiated with gamma rays under
oxygen or in an inert environment is hydrogen. Dushner
et al. [67] demonstrated in the 1970s that the hydrogen
average proportion of radiolysis gases is about 95% and
is independent of the absorbed dose, irradiation settings
(in an air or inert gas environment), bitumen/salt struc-
ture composition, and prior treatment. Dojiri et al. [39]
reported a similar result, stating that the evolution of
hydrogen is dictated only by the absorbed dose and is
independent of the dose rate. It is crucial to note that
the absorbed doses (10 MGy) and dose rates (610 Gy/h
1200 Gy/h and 12 kGy/h for Dojiri[39] and 1000 Gy/h for
Dushner [67]) are both significant in these two experi-
ments. Moreover, the authors [39,68] demonstrated that
for BWPs composed of 60/80 distilled bitumen, the gener-
ated radiolysis gases are composed of 75–95% di-hydrogen.
Simultaneously, Dojiri and his team [39] revealed an
increase in the fraction of gaseous water. It should be
highlighted that the addition of water as a radiolytic com-
ponent is an original feature of their work.

Several studies [23,25,29,37] have demonstrated that
other gases like carbon monoxide, carbon dioxide, and
low hydrocarbons have evolved. Indeed, these latter gases
constitute only a minor proportion of the present gas.
Nevertheless, Burnay [26] showed that at doses of 3 MGy
in an oxygenated atmosphere, the evolution of CO2

becomes equivalent to the evolution of H2 for R85/40
blown bitumen. Walczak [25] revealed similar behaviour
for distilled 70/100 bitumen irradiated with an integrated
dose of 30 kGy, with modest gas emissions, whereby the
evolution of CO2 is comparable to that of H2. Moreover,
the author [25] emphasized the significance of the dose
rate on the speciation of the generated gases, as shown in
Figure 5. Indeed, when the absorbed dose remains con-
stant, there are variations in gas production, particularly
noticeable for H2, CO2, and, to a lesser extent, CO. At a
dose rate of 15 Gy/h, the proportions of H2 and CO2 pro-
duced are quite similar, at 47.7% and 48.4%, respectively.
However, at 45 Gy/h, there is a significant increase in H2

production (62.9%) while the volume of CO2 decreases
(36.2%). When the dose rate increased to 150 Gy/h, the
production of these two gases returned to levels close to
their initial values, with H2 at 51.4% and CO2 at 48.1%.
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Fig. 5. Volume composition of radiolysis gases for 70/100 bitu-
men samples irradiated at varied dose rates at 30 kGy results
from Walczak’s thesis [25].

Finally, at 450 Gy/h, CO2 production slightly surpasses
H2 production, reaching 47.9%.

A few years later, Mouazen [29] demonstrated that for
a given integrated dose (1 MGy), the dose rate impacted
the distribution of bubbles inside the BWPs resulting from
the STE3 plant. At a dose rate of 400 Gy/h Figure 6b,
radiolysis results in the formation of uniformly spherical
bubbles that are small and evenly dispersed. However, at
5000 Gy/h Figure 6a, a wide distribution of bubble sizes
is observed, accompanied by irregular shapes.

The hydrogen production from a certain sub-
stance undergoing radiolysis is characterized by the
G-value, which is the number of hydrogen gas
molecules produced per 100 eV of energy. In the lit-
erature [59,62], two units are used: molecule/100 eV
and mol/J, with the following converting formula [69]:
1 molecule/100 eV = 1036× 10−7mol/J. All findings are
converted to mol/J for readability and summarized in
Table 7. Nonetheless, the authors’ initial values are stated
in brackets.

According to Kowa [36], G-values for H2 alpha irradi-
ated (0.49× 10−7 mol/J) is 2.7 times higher than that of
beta or gamma irradiation. However, this study [36] was
performed on RWF7 BWRs which consists of reprocess-
ing concentrate (high proportion of NaNO3) mixed to an
R85/40 blown bitumen.

However, for 70/100 bitumen irradiated at less than
10 MGy, this G-value is dependent on the dose rate as
demonstrated by the irradiation of 70/100 bitumen at
30 kGy at different dose rates (15, 45, 150 and 450 Gy/h)
[25], as shown in Table 8. Furthermore, the author [25]
showed that the radiolytic oxidation that creates CO2

affects the sample’s surface. Indeed, Valcke et al. [17] have
also demonstrated the presence of a bitumen crust on the
surface of the drum. This crust is observed to be rela-
tively thin, less than 1 cm in thickness, due to the lim-
ited diffusion of oxygen within the bitumen. As a result,
the G-value for CO2 generation is obtained as a func-
tion of the irradiated sample surface for 70/100 bitumen

Fig. 6. Effect of dose rate on the shape, size and number of
bubbles created, (a) BWPs at 5000 Gy/h and (b) BWPs at
400 Gy/h tomography extract from Mouazen’s thesis [29].

and is also affected by the dose rate [25]. The author [25]
explained that radiolytic oxidation exclusively affects the
sample’s surface, leading to the calculation of CO2 produc-
tion yield as a function of the irradiated sample’s surface
area.

To sum up, the maximum dose at which degrada-
tion may be similar, regardless of the dose rate applied
to the material, is roughly 10 MGy. This degradation
may correspond to a G value of H2 in the order of 0.4–
0.5× 10−7 mol/J, regardless of bitumen type (distillation
or blown). Therefore, it seems that there is a thresh-
old effect over which the influence of the dose rate on
an integrated dose becomes negligible. Nevertheless, the
measurements presented above are carried out on a lab-
oratory scale rather than an industrial one. For this rea-
son, Pérot [70] reviewed the measurement of degassing
in radioactive waste canisters from an operational stand-
point. The measurement method entails placing the pack-
age in a sealed container and measuring the quantity of
gas (H2, tritium, or carbon-14) released with gas chro-
matography. This measurement provided an indication of
the quantity of gas emitted by the package and its dis-
charge rate. However, this method does not consider gas
trapping in the bituminous matrix.

6.1.2 Radio-oxidation and atmosphere role

In contrast to the cross-linking seen primarily under
anaerobic circumstances, irradiation in the presence of
oxygen results in preferential degradation of the mate-
rial [6]. During oxidizing irradiation, carbon monoxide
is produced, along with other gases (CO2, CH4, etc.)
[25,26]. This phenomenon may have a long-term impact
on the package’s behaviour (effect on rheology and water
absorption, transport characteristics, and chemical prop-
erties) [6,39]. Several experiments [25,30] and actual sit-
uations (such as the 34-year-old Eurobitum radioactive
core, where the surface layer (top 5 cm) is strongly
oxidized) [17], demonstrated that oxidizing irradiation
mostly affects the surface of packages, down to a thickness
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Table 7. Hydrogen G-value in mol/J from various bitumen and irradiation types.

Bitumen grade Irradiation Absorbed dose Dose rate G(H2) References
MGy Gy/h mol/J (molecule/100 eV)

R85/40 Alpha 24 ∼1100 0.49× 10−7(0.47) [36]
60/80 Gamma 0.1–10 1200 0.42× 10−7(0.41) [39]
R20/30 Gamma 0.1–10 1200 0.48× 10−7(0.46) [39]
R85/40 Gamma 0.5–3.11 100–1000 0.2× 10−7–0.4× 10−7 [26]

(0.19–0.39)

Table 8. G-value from the 70/100 distilled bitumen for
different dose rate conditions, results from Walczak’s the-
sis [25].

Dose rate G(H2)
Gy/h mol/J (molecule/100 eV)

15 0.9× 10−7(0.87)
45 0.38× 10−7(0.37)
150 0.34× 10−7(0.33)
450 0.34× 10−7(0.33)

of approximately 3.5 and 5 cm. According to Walczak [25],
the bitumen radio-oxidation process is a global, two-stage
phenomenon that depends on oxygen diffusion. In the
first stage, the hydrocarbons constituting the material are
transformed into non-acidic hydroxyl compounds. In the
second stage, these compounds are oxidized in the pres-
ence of oxygen to form aromatic acids. However, further
investigation regarding the presence of oxygen at higher
depths in bituminized waste was reported in 2018 [17]. The
key concern is whether radio-oxidation may occur within
the drums, through microcracks created in the bitumen by
surface oxidation, or by irradiating NaNO3 crystals with
oxygen (or oxygen radicals).

6.1.3 Impact of salts

This section will focus on bituminized waste, which con-
tains salts (sludges, slurry, and concentrate). The impact
of salts is an important aspect of sludges and slurries, in
particular the presence of Nitrogen, which is a key element
linked to the presence of salts in bitumen [2].

Aside from gas speciation caused by bitumen radioly-
sis, the presence of salt seems to be crucial in the formation
or limitation of swelling of the bituminized radioactive
waste. Indeed, Mouazen [29] showed that the addition of
salts resulted in greater swelling compared to pure irra-
diated bitumen. He reported a maximum swelling (about
70%) for BWP at an integrated dose exceeding 5 MGy.
This implies that a balance is achieved between gas pro-
duction and removal. Marchal [66] assumed that bubbles
germinate preferentially at the surface of the salts. Fur-
thermore, it should be noted that the sludge bituminiza-
tion process is both a drying and a mixing process, which

implies the presence of residual water ranging from 1 to
10 wt.%, typically less than 5 wt.% [2]. Thus, the increased
production of gas could be associated with both the radi-
olysis of water and organic content.

The salt distribution and localization in bitumen mixes
suggest that gas production in the bitumen is homoge-
nous in volume or that specific locations have higher
gas production than others. Cobalt sulphide is the sec-
ond most prominent insoluble salt in French STE3 BWP
(9.6% of insoluble salts), with an average mass content of
2.5%, which represents a modest volume homogeneously
distributed throughout the matrix. Cobalt sulphide is
produced from the STE3 process (for ruthenium copre-
cipitation [6]) and forms cobalt sulphate and sodium
sulphide. The use of cobalt sulphide showed a signif-
icant impact on the swelling of bitumen by radiolysis
[71]. Indeed, the literature [71–77] has highlighted the
reduction in radiolytic hydrogen production induced by
inorganic sulphides, particularly cobalt sulphide. Further-
more, experiments [71] showed that significant amounts
of hydrogen can be trapped in amorphous cobalt oxy-
sulfide at ambient temperature and under pressure rang-
ing from 0.01 MPa to 0.4 MPa. At 0.5 moles of hydrogen
per mole of starting solid, the maximum levels of hydro-
gen trapped are predicted to be higher than 0.13 MPa.
In this respect, several investigations [72–74] aimed at
clarifying the mechanisms that contribute to the trap-
ping of dihydrogen during radiolysis. Indeed, authors [74]
showed that the hydrogen absorber is a combination of
partly crystalline Co(OH)2 and amorphous CoS2 with
a molar ratio of 1 Co(OH)2/CoS2. The biphasic prod-
uct noted in the literature [73] is the CoSOH product,
also known as basic cobalt sulphide or cobalt oxysulfide.
In the presence of H2, the absorber generates CoS and
Co9S8. Then, H2S can be formed when the removed amor-
phous CoS2 interacts strongly with H2. Further, the lit-
erature [71] demonstrated that the addition of inorganic
substances (sodium nitrate, sodium thiosulfate, cobalt
hydroxide, and elemental sulphur) to a cobalt sulphide
hydrogen absorber (CoS2 + Co (OH)2 combination) signif-
icantly enhances the trapping of hydrogen. The hydrogen
absorber reacts with H2 spontaneously, creating water and
another cobalt sulphide, CoS (or Co9S8). This absorber
response is required to allow H2 to further reduce the
inorganic additives. Whatever the additive, the amount of
H2 trapped increases, although at a considerably slower
rate. In the instance of Co(OH)2, the trapping reaction
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is a quantitative two-step mechanism that involves the
production of cobalt metal. In the presence of sodium
nitrate, sodium thiosulfate, or elemental sulphur, the
absorber and additives are reduced concurrently within
a few days, resulting in the generation of gases (NH3,
N2, or H2S) that must be captured in the case of indus-
trial uses. On the other hand, CoS5, a cobalt polysulfide,
is synthesized, which has a stronger hydrogen trapping
capacity than CoS2. Even though the first reaction rate
is substantially slower owing to the greater amount of
hydrogen in the air. The impact of radiolysis on cobalt
sulphide salt has been investigated in previous studies
[75,76]. Pichon et al. [76] showed that amorphous cobalt
hydroxo-sulphide CoSxOyHz acts as a hydrogen scavenger
independently of radiolysis. Radiolytic hydrogen is rapidly
produced by irradiation, whereas hydrogen scavenging by
cobalt hydroxo-sulphide is a slower phenomenon. More-
over, Loussot [73,74] investigated the impact of CoSxOyHz

on radicals produced during hydrocarbon radiolysis in
combinations of dodecane and CoSxOyHz at doses rang-
ing from 0.3 to 4 MGy. Indeed, if cobalt hydroxo-sulphide
is a radical interceptor, it should reduce the amount of
alkenes, heavy products, and hydrogen generated by radi-
olysis. However, the author [76] reported that the com-
positions and quantities of the generated alkenes and
heavy products are similar in the presence and absence
of solid according to the analysis of the organic phases.
Only hydrogen generation decreased in the presence of
CoSxOyHz. Besides, the author stated [76] that the solid
only interacts with water through the following chemical
reaction (Eq. (1)).

8CoSOH + Co(OH)2 + 5H2 = Co9S8 + 10H2O. (1)

Further, Pichon [76] suggested that the germination of
Co9S8 from CoSOH is a specific mechanism that remains
unknown. Indeed the author [76] noted that Co9S8 grows
via reaction steps that occur at the surface of grains cov-
ered with Co9S8 seeds (adsorption of hydrogen molecules
on the Co9S8 surface, interface reaction) and in the grain
core (diffusion of reaction intermediates into the Co9S8and
CoSOH phases). Unlike Loussot [73,74], Pichon [76] sug-
gested that future research should focus on the desorption
of H2S and H2O from the Co9S8 surface.

6.2 Swelling of radiolysis bituminized waste

Irradiation-induced swelling of bituminized waste prod-
ucts is influenced by the dose rate, absorbed dose, bitu-
men type, waste nature, loading, ultimate water content,
sample size, and packaging [2]. In this respect, a prelimi-
nary investigation [11] showed that bubbles or cracks may
emerge, depending on the type of bitumen (blown or dis-
tilled). Indeed, experiments on pure bitumen [11] demon-
strated that after gamma-irradiation, distilled Mexphalt
M35 bitumen generated bubbles, whereas oxidized Mex-
phalt R85/40 blown bitumen promoted cracks or frac-
ture development, as shown in Figure 7. The presence of
cracks in R85/40 during radiolytic swelling is confirmed by
Burnay [26].

Fig. 7. Appearance of specimens of R85/40 and Mexphalt 35
after irradiation [11].

Mouazen [29] demonstrated radiolysis bubble genera-
tion in 70/100 bitumen. However, for bitumen 70/100, the
literature [6] indicated that a minimum dose of 30 kGy
is required for the first radiolysis bubbles to appear
in Figure 8. Indeed, the CEA has demonstrated that
the swelling of 70/100 bitumen begins following an ini-
tial latent phase [6]. During this phase, hydrogen (H2)
produced by radiolysis accumulates within the bitumen
matrix until it reaches its saturation concentration, which
occurs at the 30 kGy threshold. Eventually, the bitumen
stabilizes as the bubbles formed through nucleation grow
sufficiently large to rise to the surface due to buoyancy.

Phillips et al. [11] demonstrated for distillation bitu-
men Mexphalt 35 and blown bitumen R85/40 that the
amount of swelling that occurs is affected by both the
dose rate and the physical size of the sample, as well as
more evident parameters such as absorbed dose, bitumen
type, waste type, and volume. Indeed, when considering
a consistent sample size, swelling tends to escalate with a
higher dose rate. However, swelling diminishes as the phys-
ical size of the sample decreases, resulting in an increase in
the surface-to-volume ratio. Mouazen et al. [60] reported
the same results for 70/100 bitumen. Further, Mouazen
and his team [59,60,62] demonstrated that bitumen swells
at an almost constant rate of roughly 14% per MGy up to
3 MGy, after which it stabilizes at around 50–55%, indi-
cating that a state of equilibrium between gas production
and evacuation has been reached. Both authors [11,60]
emphasized that radiolytic swelling studies on small sam-
ples are difficult to apply to waste streams in storage or
disposal conditions.

To satisfy safety criteria, simulation tests for materials
in drums are devised. Several models are proposed on the
basis of a Newtonian fluid exhibiting rheology evolution
over time, including the basic IL2 model [11], the bubble
growth model [11] and Marchal’s bubble population devel-
opment model [66,78]. The first two models are particu-
larly useful for studies with tiny samples, but Marchal’s
model is useful for massive objects such as radioactive
waste containers.

Given the complexities of the phenomenon at hand,
measurements on real drums provide a better under-
standing of the occurrences and, as a result, enhance the
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Fig. 8. Study of swelling of 70/100 bitumen under irradiation from 2004 CEA report [6].

proposed models. Hence, non-destructive methods like
muon tomography are increasingly being explored [79,80].
The existence of radiolysis gases may be detected using
this approach, which is based on the use of cosmic muons.
This approach, according to Dobrowolska [79], may detect
up to 2 litres of dihydrogen in bitumen.

7 Conclusion and future perspectives

This review investigated the effects of radiolysis on various
bitumen (blown and distilled bitumen) and waste forms
(sludge and slurry, SIERs, liquid waste concentrate, and
incinerator ash) to gain a better understanding of bitu-
men ageing under irradiation. Both varied bitumen types
and radioactive waste immobilized in bitumen were exam-
ined, in terms of real dose rate and absorbed dose. The
experimental methodologies used to perform various forms
of radiation are summarized with particular emphasis on
the chemical, rheological, and thermal consequences of the

studied material. Finally, particular attention is paid to
the generation of radiolysis gas as well as to the evolu-
tion of gas composition, bubble formation, and swelling. In
this regard, the most widely studied bitumen are R85/40
blown bitumen and 70/100 distilled bitumen. Other types
of radioactive waste (incinerator ashes and SIER) received
relatively little attention compared to bituminized
sludge.

Blown bitumen, such as R85/40, showed poor
radiosensitivity, whereas distilled bitumen 70/100 exhib-
ited considerable swelling and changes in gas speciation
under irradiation. These effects are directly related to
the bitumen manufacturing process (blowing oxidizes the
bitumen to a much greater extent), the dose rate, and the
absorbed dose. For both bitumen types, the findings of
the various investigations showed that there is a thresh-
old effect beyond which the influence of the dose rate on
an integrated dose becomes minimal. It is believed that
a dose in the order of 10 MGy can be interpreted as the
maximum dose at which deterioration will be comparable,
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independently of the dose rate given to the material. This
implies an H2 G-value of 0.4–0.5× 10−7 mol/J, regardless
of the bitumen grade. Regarding the generation of acid
gases such as N2, NH3, or H2S during bitumen radiolysis,
the existing literature provides only limited information,
suggesting the potential for a more comprehensive study
in this area.

The study of the influence of radiolysis on mate-
rial characteristics, in particular rheology and thermal
studies, seemed not always accessible or feasible. More-
over, it underscores the difficulty of applying radiolytic
swelling investigations on small samples to waste streams
in storage or disposal conditions. Furthermore, real-time
direct observation of radiolytic bubbles is not possi-
ble because of bitumen opacity. In this context, explor-
ing the feasibility of non-destructive methods, such as
ultrasonic approaches, as a means of detecting radioly-
sis bubbles, monitoring them in real-time during gamma
irradiation and/or a temperature increase, and deriving
insights on the evolution of rheology represents an inter-
esting approach to improve knowledge on these bitumi-
nous materials. Work under the ARISE project (Suivi
ultrAsonore des gaz de Radiolyse des enrobés bItuméS
lors d’incEndie) is currently being carried out in collabora-
tion between IRSN (Department of Radioactive Sites and
Waste Assessment2 and IRMA facility of the Laboratory
of Experimental Research on the Performance of Equip-
ment and Ventilation3) and the Institut d’Electronique
et des Systèmes (IES, University of Montpellier,
CNRS).

This knowledge, together with precise gas speciation
and an estimate of the radiolysis gas flow during a tem-
perature increase, would improve current models, partic-
ularly fire models. Besides, from an operational point of
view, techniques such as muon tomography are of poten-
tial interest for quantifying the gas trapped in the drums
and for predicting the exact quantity of gas released in
the event of a fire.
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d’Options de Sûreté (2017)
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ification, Rhéologie 2, 1 (2002)

28. D. Lesueur, The colloidal structure of bitumen: Conse-
quences on the rheology and on the mechanisms of bitumen
modification, Adv. Colloid Interface Sci. 145, 42 (2009)

29. M. Mouazen, Évolution Des Propriétés Rhéologiques Des
Enrobés Bitume, Vers Une Loi Vieillissement/Viscosité,
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70. B. Pérot et al., The characterization of radioactive waste:
a critical review of techniques implemented or under devel-

opment at CEA, France, EPJ Nucl. Sci. Technol. 4, 3
(2018)

71. D. Lambertin, C. Caudit Coumes, F. Frizon, C. Joussot-
Dubien, Matériau pour le piégeage d’hydrogène, procédé
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