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ABSTRACT

Cementitious materials are exposed to gamma irradiation in many areas such as
the concrete structures in nuclear power plants, in medicine or as the cement
composites and matrices in radioactive waste repositories. Pore water present in
the cement paste undergoes radiolysis due to its interaction with gamma rays
leading to dihydrogen production which is in case of a closed systems
accumulated in the internal structure of cement paste leading to internal
pressure increase. Such phenomenon may influence the material properties or
worse if released into operational area it may pose a threat to safety. This article
is a review of up to date knowledge, it describes the basic mechanisms
controlling radiolysis, presents the main parameters affecting these mechanisms
as well as the radiolysis impact on the material properties and ways how to
reduce the negative effects of the process. It also addresses gaps in current
knowledge and areas which should be in the focus of further research.

Introduction
Considering the significance of nuclear industry, there is a worldwide need to understand the
effects of ionizing radiation on cement based materials. Next to neutron radiation, which
hazards are limited to concrete structures inside the reactor hall, gamma rays are of significant
importance being present and affecting materials in many fields – next to the concrete
structures inside the reactor hall of nuclear power plants, these are biological shields in
medicine, containers for packages of radioactive waste, immobilization matrix inside these
packages etc. [1,2]. Besides the influence of gamma radiation and associated heat on
mechanical properties and structural changes of the cement composites, there is a problem of
H2 production due to radiolysis of water in the cement matrix which poses a threat to safety
especially in the case of enclosed systems of rad-waste packages.
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The production of gas may lead to a high pressure build-up affecting the internal structure of
cement matrix, causing cracking, lowering the mechanical parameters, changing the gas and
liquid transport properties and even affecting the hydration process of cement.
The issue of water radiolysis itself is nowadays well known to researchers however in the
cement matrix the process and its intensity is influenced by many factors, e.g. type of
radiation source, chemical composition of the cementitious material, dose rate, porosity and
so on. The combining of the effects of irradiation, high pH environment and closed system
makes it a complex and not easily predictable problem resulting in associated reactions within
the cement matrix (such as precipitation or gaseous exchange). The experimental base relating
the topic is insufficient to fully understand all the phenomena. Moreover, there is a safety
concern relating the risks of H2 release into the operational area of rad-waste disposal sites [3]
which requires the concern of researchers.

Radiolysis governing mechanisms
General reactions
Radiolysis means the decomposition of water molecule due to its interaction with ionizing
radiation while generating primary products: i) stable ions and molecules (H2, H2O2, H+, OH‾)
and ii) unstable free radicals (eaq‾, H∙, OH∙). The primary reaction of radiolysis in normal
conditions, i.e. at ambient temperatures and low linear energy transfer rate (LET) can be
summarized as [4]:
H2O → OH∙ (0.28), eaq‾ (0.28), H∙ (0.062), H2 (0.047), H2O2 (0.073), H3O+ (0.28)

(1)

Where the numbers in parenthesis represent radiation chemical yields (G values; i.e. the
quantities produced related to the energy deposited in the mass of water) in units µmol J -1.
This is followed by a complex set of secondary reactions of primary products with the species
in the pore solution, particularly with OH‾ producing compounds with a complex chemistry:
O‾, O2‾, HO2, HO2‾, etc.
Radiolysis in cement paste environment
In cement, due to the high pH (≈13) certain secondary reactions are modified and
become faster since OH∙ radicals and H2O2 are replaced by an oxide radical anions O∙‾ and
peroxide anion HO2‾ respectively, which is beneficial as it results in higher consumption of
dangerous H2. This is however complicated by the presence of impurities, which will be
described below [3,5,6,7].
The radiolysis progress in the cement environment is controlled by the precipitation of
calcium peroxide octahydrate (CaO2.8H2O) [5,6] leading to a significant reduction in O2
production and indirectly in the decline of H2 production. Calcium peroxide octahydrate
precipitates from the pore solution, which is saturated with Ca(OH)2, when there is sufficient
accumulation of peroxide ions in the solution:
Ca(OH)2aq + H2O2 + 6H2O → CaO2 . 8H2O↓

(2)

The process described is not systematic and strongly depends on the gamma dose rate being
critical between 0.1 and 0.2 Gy/s [5] and temperature with threshold level at 25°C, above
which the precipitation stops leading to a non-stationary state resulting in higher O2 and H2
production [6].
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The generation of dihydrogen is also affected by the pore saturation level (and so on the
presence of gas phase) and the initial presence of H2 [6]. Simulations [6] showed that the
higher the saturation level the lower the H2 production although for fully saturated state no
precipitation of CaO2.8H2O occurs, which means that the reduction in H2 production at
saturated state is not caused by the presence of CaO2.8H2O but by the fact that all of H2 is
present in aqueous phase which is then available for the attack by O∙- radicals. On the other
hand, very interesting phenomenon occurs, when the initial gas phase for non-saturated pores
is created with H2 as within a few days after a very fast re-equilibration between gases and the
pore solution there is an immediate consumption of O2, while CaO2.8H2O has no time to
precipitate. The near disappearance of O2 is followed by a decline in H2 presence [6].
Origin of water experiencing radiolysis
Effect of waste composition
The chemistry of pore solution present in hydrated cement pastes is influenced by the cement
alkaline nature. Therefore, normally the pore solution is rich in calcium and of pH ≈ 13. The
generation of H2 due to radiolysis is also dependent on the water chemistry being higher for
water containing Ca(OH)2 than for pure water [8]. However, the chemistry of pore solution of
cemented waste is much more complex and the radiolysis may be affected by every single
substance or their interaction. For example nitrates, which are often present in low or
intermediate level waste (e.g. evaporator concentrate from cooling systems of PWRs) were
recorded to be suppressors of H2 generation. In the study Bykov et al. [8] the volume of H2
generation in cement mixed with pure water and NaNO3 solution was studied (for w/c ratio of
0.25 there was NaNO3 in the dose of 15 % of cement weight). The dihydrogen yields were
recorded to be lower by a factor of almost 30. Conversely, Fe II and FeIII complexes,
originating from either parts of solidified rad-waste, cement composition itself, grinding
procedure of cement, iron aggregate, either from steel reinforcement, reduce the rate of H2
and H2O2 decomposition. The action of iron is addressed in its own chapter thereinafter.
Effect of cement type and its phases
Generally, in the majority of existing research works it has been assumed that the radiolysis of
water arises from the pore solution, however radiolysis may occur also in structural water
(such as OH- in Ca(OH)2) or crystallization molecular water (such as H2O in
Ca6Al2(SO4)3(OH)12·26H2O). There is very little data addressing the issue and thus clear
conclusions cannot be made. However, there has been a research in CEA, France conducted
by L. Acher et al. [9] studying the role of individual phases in the radiolytic yields of H2
production – G (H2). Pure hydrates were exposed to gamma irradiation at a dose rate of 600
Gy/h up to 1MGy. It was observed that next to the nature of the hydration product, the
radiolytic yields are affected also by the storage humidity which is demonstrated in Figures 1
and 2. The results indicate that the majority of H2 production is caused by radiolysis of water
bonded in C-S-H compared to other phases typical for Portland cement. Crystalline water
(such as H2O in CaSO4.2H2O) seems to be more easily decomposed by gamma radiation than
structural water (OH- in hydration products). L. Acher also stated in the follow-up works [10]
that radiolytic yields also depend on the water/cement ratio as there was about 45 % higher
values for Portland cement paste with w/c = 0.6 compared to w/c = 0.2, which suggests the
non-negligible role of structural and crystalline water in the radiolytic process. However, the
action of structural and crystalline water probably depends on the irradiation dose rate and
accumulated dose. An experiment held in Japan [2] showed that the G-values of hydrogen
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release stayed in case of pre-dried specimens very low throughout the whole irradiation period
of 61 days even for very high dose rate of 7.05 kGy/h, which means that crystalline or
structural water were not attacked by radiolysis.
Coming back to Acher’s research [10], comparison of the behavior of different types of
cement was made, namely of Portland cement, calcium-aluminate cement (Cement Fondu)
and phospho-magnesium cement. The recorded values of radiolytic yields were considerably
higher for Portland cement compared to the other types of cement which was governed by the
nature of hydrates, as C-S-H and ettringite, the products of Portland cement hydration, seem
to experience radiolysis in much higher extend than AH3 and C3AH6, the products of calciumaluminate cement hydration, or K-struvite, the hydration product of phospho-magnesium
cement (Figure 3). However, it should be noted that this also depend on the w/c ratio, as in
case of Cement Fondu, there is a significant increase in radiolytic yields when the water
content exceeds a critical value [10].

Fig. 1 and 2: Radiolytic yields G(H2) in mol J-1 obtained for different cement phases and storage conditions
(taken from [9])

Fig. 3 Comparison of radiolytic yields G(H2) in mol J-1 obtained for Portland cement, calcium-aluminate cement
(Cement Fondu) and Phospho-magnesium cement (taken from [10])

Blast furnace slag cements (CEM III/C) contain sulfides which modify the pore solution
chemistry affecting the chain of reactions. A study was made in France to clarify the influence
of sulfides on radiolysis process on BFS-cement pastes exposed to gamma irradiation for 6
months at a dose rate 356 Gy/h in a closed system without oxygen [11]. An increase of H2
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production (in comparison to Portland cement pastes) was observed in the first two months of
irradiation. In this period of time sulfides conversed into polysulfide anions leading to an
increase in pH followed by a reaction at a very high speed:
H∙ + H2S → H2 + HS∙

(3)

However, later on, the sulfides concentration becomes insufficient and the sudden reducing
environment initiates efficient recycling of H2 which was supported by high level of pore
saturation. Thus in long term, the radiolysis effects are reduced.
Hydrogen transport through cement paste
The transport of hydrogen is controlled either by free (or Knudsen) diffusion, molecular
diffusion or by diffusion through water. The transport mode is dependent on the porous
system of the cement matrix especially on the pore size and on the water saturation level [12].
These are influenced by the mix design and storing conditions, mainly relative humidity.
According to [12] the saturation level does not restrain the diffusion of hydrogen until it
reaches level of 0.6, above which the diffusion coefficient progressively decreases. It was also
concluded that the diffusion of hydrogen is controlled by the saturation of smaller pores
which are randomly connected to bigger ones. The H2 generation within the closed system of
cement matrix induces a pressure rise in its internal structure, while the change of the internal
conditions may influence the gas transport properties [2].
Effect of radiolysis on cement paste properties
The strength of cement paste can be indirectly influenced by radiolysis. In case of favorable
conditions (as described above) calcium peroxide octahydrate precipitates in the pore solution
and can further decompose leading to carbonation of cement paste through a set of reactions:
CaO2.8H2O → CaO2 + 8 H2O

(4)

CaO2 + 2 H2O → Ca(OH)2 + 12 O2

(5)

Ca(OH)2 + CO2 → CaCO3 + H2O

(6)

Carbonation leads to decrease in porosity by filling up the pores by CaCO 3 which usually
results in the increase of strength, both compressive and flexural as in [2]. Unlike in the case
of carbonation of cement on air, the process occurs in the whole volume of the composite and
it is not limited to its surface [13]. Nevertheless, different effects on the final compressive and
flexural strength of concrete were obtained from different research studies. Meanwhile Vodák
et al. [14] reported a decrease in both parameters with increasing irradiation dose up to 600
kGy, Maruyama et al. [2] observed increasing of both parameters when irradiated to doses up
to 200 MGy. Maruyama et al. [2] suggested that the increase of strength was due to the
formation of aragonite and vaterite as the product of carbonation instead of calcite, while the
C-S-H layered structure is not affected unlike in the case of the well-known carbonation on
air, which destroys the C-S-H structure. However, the true processes affecting the cement
paste strength has not yet been understood and obtained data varies from one research work to
another [2,14,15].
If the cement paste is exposed to gamma irradiation in the early stage of its maturation, it may
affect the hydration process as the disappearance of H2 and O2 due to radiolysis could lead to
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lower hydration degree and eventually lowering the strength and affecting other properties
such as porosity etc. [15].
The role of concrete reinforcement
As mentioned above, during radiolysis many secondary reactions occur, which may lead to
rise of corrosive substances such as O2 and H2O2 and thus the radiolytic process may lead to
depassivation of concrete reinforcement. However, there is also not much data relating the
problem. The study of V. Dewynter et al. [16] showed very low corrosion rate of embedded
rebars in cements type I and V due to radiolysis of samples under irradiation with dose rate
around 15 Gy/h for the duration of 12 months which represented a cumulated dose up to 3.10 5
Gy. The corrosion rate in CEM I was slightly higher (0.25 μm/year) than in case of CEM V
(with values between 0.1 μm/year and 0.2 μm/year).
The presence of iron in the pore solution, which is locally enhanced due to the dissolution of
rust products on the rebars’ surface, also modifies the radiolysis chemistry as iron disturbs the
chain of reactions. Radicals O∙‾ and e‾aq, which at normal conditions react with H2 and HO2‾
respectively, accelerate the reaction chain resulting at H2 recycling:
O∙‾ + H2 → e‾aq

(7)

e‾aq + HO2‾ → O∙‾ + OH‾ + H2O

(8)

However, FeII and FeIII species are more likely to attract and react with these radicals:
O∙‾ + FeII → O2‾ + FeIII

(9)

e‾aq + FeIII → H2O + FeII

(10)

This unfortunately results in decreasing the recycling effect and thus in higher dihydrogen
accumulation [17].
Modelling of radiolysis
Bouniol et al. [5] reviewed the basic mechanisms of dihydrogen production process in cement
matrices and came up with a comprehensive model describing radiolysis at specified
conditions, i.e. in a closed system, at temperature 25°C and with a pore solution representative
of a Portland cement paste. The code CHEMSIMUL [18] was used to simulate different
scenarios varying in dose rate, liquid saturation level in the cement porous system or in the
initial amount of H2 present in the gas phase of the closed system [5]. Later on, this model
was upgraded with a module, preliminarily addressing the influence of iron species, however
it requires readjustments and complements for making good predictions [19]. In connection
with this, the collaboration of CEA and EDF was made, which aimed at understanding the
radiolysis phenomenon and gave rise to a model called DO-RE-MI (Description
Opérationnelle de la Radiolyse de l’Eau dans les Matériaux Irradiés). The model was applied
to a theoretical package for a parametric study to characterize main parameters affecting H2
generation [20]. The drawn conclusions were: a) the higher the porosity of cement matrix, the
higher the H2 generation probably due to the higher content of water present in the pores; b)
the process depends on water saturation level being critical for 0.64; c) higher dose rate
increases the radiolysis effects; d) the presence of iron strongly enhances the dihydrogen
formation for water saturation levels above 0.64 (up to 100%), however for low saturation
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levels, the iron effect is negligible as in both cases (with or without iron) no recycling of H2
occurs.
Summary
Radiolysis occurring in a closed system of pores inside cement paste due to gamma irradiation
of concrete or cement immobilization matrices for radioactive wastes may impose safety risks
relating the H2 generation and its release into the operational area of rad-waste disposal sites
or it may lead to change of properties of the materials being affected. Proper understanding of
its effects is therefore of vital importance, however the up-to-date data addressing the issue
are insufficient for precise prediction of all possible scenarios. The paper presents a state of
the art summarizing the current knowledge and denotes gaps and areas which requires further
investigation.
Acknowledgement
This work was financially supported partially by the Czech Science Foundation, under project
GA17-11635S, the Czech Technical University in Prague - project No.
SGS16/199/OHK1/3T/11 and by Ministry of Education, Youth and Sport Czech Republic LQ1603 Research for SUSEN under projects CZ.1.05/2.1.00/03.0108 and
CZ.02.1.01/0.0/0.0/15_008/0000293.
References
[1] B. Craeye, G. De Schutter, C. Vuye, I. Gerardy, Cement-waste interactions: Hardening
self-compacting mortar exposed to gamma radiation, Progress in Nuclear Energy. 83 (2015)
212–219. doi:10.1016/j.pnucene.2015.03.019.
[2] I. Maruyama, O. Kontani, M. Takizawa, S. Sawada, S. Ishikawao, J. Yasukouchi, O. Sato,
J. Etoh, T. Igari, Development of Soundness Assessment Procedure for Concrete Members
Affected by Neutron and Gamma-Ray Irradiation, Journal of Advanced Concrete Technology.
15 (2017) 440–523. doi:10.3151/jact.15.440.
[3] K. Bobrowski, K. Skotnicki, T. Szreder, Application of Radiation Chemistry to Some
Selected Technological Issues Related to the Development of Nuclear Energy, Topics in
Current Chemistry. 374 (2016). doi:10.1007/s41061-016-0058-7.
[4] G.V. Buxton, An overview of the radiation chemistry of liquids. In: Sciences E (ed)
Radiation Chemistry: From Basics to Applications in Material and Life Sciences. France,
(2008) 3–16.
[5] P. Bouniol, E. Bjergbakke, A comprehensive model to describe radiolytic processes in
cement medium, Journal of Nuclear Materials. 372 (2008) 1–15.
doi:10.1016/j.jnucmat.2006.10.004.
[6] P. Bouniol, S. Lapuerta-Cochet, The solubility constant of calcium peroxide octahydrate
in relation to temperature; its influence on radiolysis in cement-based materials, Journal of
Nuclear Materials. 420 (2012) 16–22. doi:10.1016/j.jnucmat.2011.09.009.
[7] Bouniol P, A. Aspart, Disappearance of oxygen in concrete under irradiation: the role of
peroxides in radiolysis. Cement and Concrete Research 28 (1998) 1669–1681. doi:
10.1016/S0008-8846(98)00138-0.
[8] G.L. Bykov, A.V. Gordeev, T.K. Yurik, B.G. Ershov, Gas formation upon γ-irradiation of

Koťátková et al. / Materials Structures Technology 1 (2018) 18-25

cement material, High Energy Chemistry. 42 (2008) 211–214.
doi:10.1134/s0018143908030041.
[9] L.Acher, J.Haas, A. Dannoux-Papin, et al (2016) Influence of gamma radiation on cement
hydrates. In: Mechanisms and Modelling of Waste/Cement Interactions. 50
[10] L. Acher, Etude du comportement sous irradiation γ et électronique de matrices
cimentaires et de leurs hydrates constitutifs,To cite this version: Etude du comportement sous
irradiation γ et électronique de matrices cimentaires et de leurs hydrates constitutifs. (2018).
[11] P. Bouniol, W. Guillot, V. Dauvois, W. Dridi, S. Le Caër, Original behavior of pore
water radiolysis in cement-based materials containing sulfide: Coupling between experiments
and simulations, Radiation Physics and Chemistry. 150 (2018) 172–181.
doi:10.1016/j.radphyschem.2018.04.021.
[12] C. Boher, F. Frizon, S. Lorente, F. Bart, Influence of the pore network on hydrogen
diffusion through blended cement pastes, Cement and Concrete Composites. 37 (2013) 30–36.
doi:10.1016/j.cemconcomp.2012.12.009.
[13] F. Vodák, V. Vydra, K. Trtík, O. Kapičková, Effect of gamma irradiation on properties
of hardened cement paste, Materials and Structures. 44 (2010) 101–107. doi:10.1617/s11527010-9612-x.
[14] F. Vodák, K. Trtík, V. Sopko, O. Kapičková, P. Demo, Effect of γ-irradiation on strength
of concrete for nuclear-safety structures, Cement and Concrete Research. 35 (2005) 1447–
1451. doi:10.1016/j.cemconres.2004.10.016.
[15] P. Soo, L. M. Milian, The effect of gamma radiation on the strength of Portland cement
mortars. Journal of Materials Science Letters, 20 (2001) 1345–1348.
[16] V. Dewynter, L. Chomat, W. Guillot et al, Concrete radiolysis effect on steels corrosion
and comparison with non- irradiated material. In: EUROCORR: The Annual Congress of the
European Federation of Corrosion. Prague, (2017) 1–10.
[17] P. Bouniol, B. Muzeau, V. Dauvois, Experimental evidence of the influence of iron on
pore water radiolysis in cement-based materials. Journal of Nuclear Materials 437 (2013)
208–215. doi: 10.1016/j.jnucmat.2013.02.018
[18] P. Kirkegaard, E. Bjergbakke, F. Markert, CHEMSIMUL — a tool for simulating
chemical reaction systems. (2014) 1–14.
[19] P. Bouniol, The influence of iron on water radiolysis in cement-based materials, Journal
of Nuclear Materials. 403 (2010) 167–183. doi:10.1016/j.jnucmat.2010.06.020.
[20] F. Foct, M. Di. Giandomenico, P. Bouniol, Modelling of hydrogen production from pore
radiolysis in cemented intermediate level waste water. In: Sciences E (ed) NUCPERF. (2013)
0–7.

