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Concrete is a relatively cheap material and easy to be cast into variously shaped structures. Its good shielding properties against
neutrons and gamma-rays, due to its intrinsic water content and relatively high-density, respectively, make it the most widely used
material for radiation shielding also. Concrete is so chosen as biological barrier in nuclear reactors and other nuclear facilities
where neutron sources are hosted. Theoretical formulas are available in nuclear engineering manuals for the optimum thickness
of shielding for radioprotection purposes; however they are restricted to one-dimensional problems; besides the basic empirical
constants donot consider radiation damage effects, while its long-termperformance is crucial for the safe operation of such facilities.
To understand the behaviour of concrete properties, it is necessary to examine concrete strength and stiffness, water behavior,
volume change of cement paste, and aggregate under irradiated conditions. Radiation damage process is not well understood yet
and there is not a unified approach to the practical and predictive assessment of irradiated concrete, which combines both physics
and structural mechanics issues. This paper provides a collection of the most distinguished contributions on this topic in the past
50 years. At present a remarkable renewed interest in the subject is shown.

1. Introduction

Despite the increasing interest in renewable energy, nuclear
power still has an important role in the energy supply world-
wide. Almost 12% of world’s electricity is generated by nuclear
power plants; nuclear energy is used by 30 countries in the
world, for total 439 units, 64 new ones being under design.
Europe depends on nuclear power for more than one-quarter
of its electricity; in fact almost 30% of electricity demand
is satisfied this way; 40% comes from fossil fuel and the
remaining from renewables. 131 nuclear power reactors were
operating in 2014 in Europe and nuclear plant construction
is currently underway in three EU member states: Finland,
France, and Slovakia [1].

Understanding the conditions that lead to concrete dete-
rioration is object of a new attention worldwide in matter of
nuclear plants. In USA many plants have already had a life
extension from 40 to 60 years and serious consideration is
now being given to a further extension to 80 years. In fact
according to the Atomic Energy Act of 1954 and the Nuclear
Regulatory Commission regulations the operating licenses

for commercial power reactors are issued for 40 years and
can be renewed for additional 20 years with no limit to the
number of renewals.

Japan has now entered the period of safety management
of nuclear plants; 20 nuclear power plants in Japan have
undergone an examination called Plant Life Management
by the Japanese government to determine their ability to
carry on continuous operation. So in this country work is
in progress to improve a quantitative evaluation method
based on the time-dependent performance of structures and
their components in relation to the deteriorationmechanism,
which could serve as a maintenance program to extend the
operational period of up to 20 years in the near future.

Most of the EU’s operational nuclear plants were built in
the 1970s and 1980s and were designed to last for around 40
years; therefore they are due to retire by the 2020s unless they
get extensions [2]. Some of the oldest reactors are in Belgium,
two of which just reached age 40, and 10 extra years has been
recently approved for them until 2025 [3]; France is the EU’s
nuclear leader, its 58 reactors producing nearly three-quarters
of the country’s electricity; this country also is considering
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whether to extend their lifespan to 50 years in 2018 or 2019
[4].

Nuclear reactors, however, are not the only structural type
undergoing nuclear radiation damage which must address
durability considerations.

For instance, radioisotopes are extensively used in
medicine; in over 10,000 hospitals worldwide radiotherapy is
the way in which some medical conditions are treated, using
radiation to weaken or destroy particular targeted cells; these
facilities as well require the design of bunker-type rooms, able
to sustain photon and neutron radiation.

This paper is aimed at picturing out state of the art of the
most relevant contributions from the late 1950s up to now
on the topic of radiation damage of concrete employed for
nuclear shielding, from the phenomenological evidences to
the modeling aspects.

Many contemporary authors agree that the techni-
cal information necessary for determining an appropriate
threshold value of nuclear radiation in assessing the sound-
ness of concrete structures under irradiation conditions is
poor, especially in regard to concrete durability evaluation.
Consequently, further experimental tests are needed. On the
other hand, from the first studies some advancements on the
interaction between concrete and neutrons or gamma-rays
have been made, which would now need implementation in
predictive models of concrete deterioration and validation
against representative laboratory tests to evaluate the related
rate effects.

The understanding of radiation effects on concrete was
largely based on Hilsdorf and coauthors’ curves compiled in
1978 [5] up to a few years ago, when the need to develop
comprehensive safety evaluation systems for aging nuclear
power plants has become a compelling issue.

Fujiwara et al. [6] have recently conducted an irradiation
test on concrete specimens simulating the exercise scenario of
a boilingwater reactor in Japan (maximum temperature 65∘C;
maximumneutron fluence 12×1018 n/cm2 (𝐸 > 0.1MeV)) by
far consistently with a 60-year operation.With this work they
confirmed that, within the range of radiation doses adopted
in the study, radiation exposure did not significantly affect
the basic long-term material characteristics; on the other
hand the tendency pictured in [5] in terms of the decrease of
concrete compressive strength in response to rise in neutron
fluence was not detected, due to some critical observations
supported also by [7–9].

In fact, despite the big effort in compiling a first data base
of experimental results on irradiated concrete, the applicabil-
ity of the reference values by Hilsdorf and coauthors to the
soundness evaluation of concrete in light-water reactors is
questioned in [8], basically in reason of some inconsistency
of the experimental conditions with the real irradiation
conditions (namely, Portland cement for the concrete mix;
irradiation from fast neutron spectrum (𝐸 > 0.1MeV); tem-
perature field less than 65∘C); in particular the experimental
database in [5] is said to show wide scattering due to different
choices on measured properties (bending strength instead of
compressive strength or bending tension strength instead of
splitting tension strength), binder type of concrete, specimen

size (even dimensions of 8–15mm), temperature of concrete
(100∘C or higher up to 550∘C), and neutron spectrum (slow
or fast neutrons or not available spectrum).

The work by Field et al. [10] very recently expanded
the data collection provided in [5] with those coming from
later experimental campaigns on neutron-irradiated concrete
and mortars; it provides a complete up to date database to
start from to investigate the key variables associated with
radiation-induced degradation in concrete structures. Effects
on concrete in terms of compressive and tensile strength,
modulus of elasticity, weight loss, and volumetric change are
here plotted and classified under the applied laboratory con-
ditions. It is here pointed out for a wider data collection that
the effects of some important parameters such as the neutron
fluence magnitude at which concrete deterioration becomes
significant, the neutron fluence energy cutoff associated with
the threshold fluence level, and the effect of high concrete
temperature during irradiation, to mention a few, cannot be
readily separated out and clearly evaluated from the existing
data.

2. Phenomenological Aspects on
Irradiated Concrete

Radiation on shieldingmaterials is known to affect themdeep
in their chemical structure. In metals radiation leads to the
displacements of atoms from their equilibrium lattice sites,
causing lattice defects, which are responsible for an increase
of hardness but also embrittlement, and so loss of ductility
[11–13]. In polymers the formation of additional cross-links
is due to the surplus energy brought by radiation [14]. In
geomaterials, like concrete, nuclear radiation leads to the
break of atomic bonds, which is supposed to explain the decay
in the mechanical properties envisaged in exposed concrete
[15, 16] as it will be illustrated in the following.

The first comprehensive collection of published exper-
imental data on the effects of nuclear radiation on the
properties of concrete dates back to Hilsdorf et al. [5] and
Kaplan [17], with the recent observations on the first work
already mentioned in the previous section. It stands out that
up to integrated neutron fluence of the order of 1019 n/cm2
the effects of the irradiation are relatively small, while higher
fluencemay have detrimental effects on concrete compressive
and tensile strength and modulus of elasticity.

In particular, distinguishing between fast or slow neu-
trons, Gray [18] found that for fast neutron fluence between
7×10
18 and 3×1019 n/cm2 themodulus of irradiated concrete

was between 10% and 20% less than that of nonirradiated
unheated concrete. Alexander [19] reported similar reduc-
tions in values of elastic modulus for slow neutron fluence
of about 2 × 1019 n/cm2. Negligible changes in mechanical
properties and weight/volume were found for fast neutrons
with 𝐸 > 1MeV at a fluence of 3 × 1018 n/cm2 by Stoces et al.
[20].

There is also evidence that concrete hardens under irradi-
ation [21, 22]: from these studies the interference of penetrat-
ing ionizing radiation with the process of setting of cement
paste has been found in the form of increased compressive
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and tensile strength, especially at the very beginning of the
hardening period.

Almost in all the cases in which samples were tested
to investigate the effects of neutron radiation, the concrete
samples were also exposed to secondary gamma radiation,
produced by nuclear reactions. Not many tests are in liter-
ature on the effects of gamma radiation alone without the
simultaneous exposure to neutron radiation. Alexander [19]
reports that for gamma radiation doses of about 1010 rad there
is no reduction in the compressive strength of concrete, when
compared with the strength of companion specimens which
have been neither irradiated nor heated; there is, however,
evidence of reductions between 25% and 60% in compressive
strength for doses exceeding 1011 rad [23]. In this last test
campaign the specimens were immersed in demineralized
water in order to shield them against neutrons and study the
effect of gamma radiation alone, but demineralized water was
found to contribute to deteriorating concrete and after several
years of exposure the surface of the irradiated samples was
partially destroyed.

Soo and Milian [24] found that a loss in the compressive
strength could occur at gamma doses that are much less
than the threshold dose of 2 × 108 Gy (2 × 1010 rad). They
postulated that the loss of strength could be connected with
the radiolysis of the water of hydration in the cement as
well as pore water. A loss of hydrogen and oxygen radiolytic
species during irradiation would decrease the level of cement
hydration and thus the strength of the cement.

The experimental campaign in [25] on concrete under
gamma irradiation allowed concluding that the interaction
with the shieldingmaterial leads to lowering both its strength
and its porosity. The mechanism is explained to happen as
a series of chemical reactions within the material, starting
from the radiolysis of water and ending with the formation
of calcite (CaCO

3
); crystallites of calcite grow into pores,

decreasing their size and destroying the tobermorite gel,
a calcium silicate hydrate mineral responsible for concrete
strength, by their crystallization pressure.

Another experimental study was conducted by Vodák et
al. [26] to investigate further on the porosity variation in
cement paste under gamma irradiation and under natural
carbonation.

The radiolytic process seems to be confirmed by more
recent studies [27], taking advantage of X-ray diffraction
and scanning electron microscopy methods. The absorption
of gamma radiation is found to induce the amorphization
of cement hydrates and finally cause their decomposition.
Moreover, bubbles were envisaged after irradiation exposure,
which must be the effect of separation of the chemically
bonded water, and numerous cracks in the cement matrix
were also observed.

The presence of calcium is pointed out as a major cause
for the progression of radiolysis; in fact the withdrawal of
calcium under gamma-rays is responsible for the formation
of CaO

2
⋅8H
2
O, a highly insoluble phase which forms at

the expense of portlandite and ettringite, leading to their
elimination in case of very high radiation doses [28].

The basic mechanisms controlling the radiolysis in
cementitious matrices are reviewed in the specific context

of gamma irradiation in [29]. Two main outcomes result
fromwater radiolysis: (i) buildup of internal gas overpressure
(mainly hydrogen and oxygen) that may lead to cracking
and/or explosive gas mixture when hydrogen gas is mixed
with atmospheric oxygen in fraction of 4% and (ii) corrosion
of steel bars in the long-term due to the attack by oxidizing
products at the steel-concrete interface [30].

Thermal expansion coefficient, thermal conductivity, and
shielding properties appear to be little affected by radiation.
As for the coefficient of thermal expansion, Hilsdorf et al. [5]
and Granata and Montagnini [21] indicate that for neutron
fluence less than 5 × 1019 n/cm2 there is no significant
difference between the coefficient of thermal expansion of
neutron-irradiated concrete samples and the coefficient of
nonirradiated samples subjected to high temperature. Also,
radiation energy is converted to heat when absorbed by a
shield. The heat generated by irradiation can reach quite
high temperatures, depending on the shielding material used
and the configuration of the shielding structure. Hilsdorf et
al. [5] found that temperatures even of the order of 250∘C
developed in some of the investigations he summarized,
which is high enough to generate considerable damage in
shielding materials.

An extensive study on the effect of elevated temperature
exposure on properties and shielding effectiveness is reported
in [31].

As for creep experiments under irradiation, limited refer-
ence data exist: [18, 32] for neutron and gamma irradiation,
respectively. In particular the internal gas pressures resulting
from water hydrolysis under gamma irradiation seem to
affect concrete shrinkage and creep in some measure.

2.1. Physical Interpretation of the Experimental Results.
Because the shielding properties of concrete are found to
be driven mainly by the selection of the aggregates in the
concrete mix; the choice must be taken in reason of the
different attenuation mechanisms characterizing the specific
particles to be addressed: gamma-rays or neutrons [17, 33–
35].

Gamma-rays are attenuated by interactions at the level of
the electrons of the atoms composing the shielding medium;
in particular they show having a negligible effect on the
solid materials composed of ionic and metallic bonds, but
they can break anisotropic chemical bonds such as covalent
bonds. Typically, siliceous materials are subject to gamma-
rays degradation because the Si-O bond is a covalent bond.
At this purpose concrete to be used as a gamma-ray shielding
material should be designed to maximize the density of
electrons within it. Practically, high-density iron ore aggre-
gates are chosen at this purpose. This is the case of barytes,
ferrophosphorus, magnetite, and hematite.

Instead, neutrons interact with nuclei of atoms leading to
change in the lattice spacing within the material during these
collision events. Therefore, neutrons have a more significant
effect on dense and well-crystallized materials than on ran-
domly structured materials with high porosity. In concrete,
aggregates (coarse and fine aggregates) are in a crystallized
phase, while cement paste is an amorphous phase; therefore
neutron radiation causes more distortion and damage to
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the internal structure of aggregates than to that of cement
paste. Moreover neutron attenuation is more effective when
fast neutrons are made to collide with lightweight atoms
(typically hydrogen) so hydrous aggregates are to be preferred
for neutron shielding; hydrous aggregates are in fact capable
of increasing the fixed-water content of concrete or retaining
their water of crystallization at high temperatures. This is the
case of serpentine, limonite, goethite, and bauxite.

In some cases the enrichment of minerals with certain
elements, such as boron, is considered to enhance the thermal
neutron attenuation of concrete and cut down secondary
gamma-rays production. Boron-containing aggregates in-
clude colemanite, borocalcite, and ferroboron.

The specific effect of radiation-induced damage of aggre-
gates is of primary interest in recent research, in view of the
durability assessment of old nuclear structures.

Kelly et al. [36] and Elleuch et al. [37] emphasize the
predominant role of the aggregate in the development of neu-
tron irradiation-induced swelling and the potential creation
or aggravation of damage in the surrounding paste.

Vanelstraete and Laermans [38] have shown that fast
neutrons cause displacement cascades in quartz resulting in
disordered regions of the crystal. For sufficiently high doses,
damage regions overlap, reducing long-range ordering and
resulting in amorphization of the SiO

2
phase. The loss of

ordering is observed as a reduction of density and increase
in swelling of the quartz phase. Complete amorphization is
supposed to be reached at a neutron dose greater than 2 ×
10
20 n/cm2.
The effect of nuclear irradiation, bot neutrons, and

gamma-rays on quartz was studied extensively by [39].
Crystalline quartz or 𝛼-quartz, with specific gravity of about
2.65 is found to convert to distorted amorphous quartz with
specific gravity of 2.27 under a fluence of 1020 n/cm2 for fast
neutrons with an energy level >0.1MeV and under a dose of
1012 Gy for beta- and gamma-rays.

Maruyama et al. [8] confirm that an expansion of siliceous
aggregate takes place due to neutron collisions. Atom align-
ments are deformed and a part of the energy imparted by
neutron collision remains as a kind of strain energy causing
permanent distortion. Also, denser siliceous aggregates have
a larger risk of expansion due to neutron irradiation.

Because the atomic structure of some aggregates can be
converted from crystalline structure to distorted amorphous
structurewith an increase in volume and a decrease inweight,
the loss of concrete mechanical properties is conceived to
be definitely correlated with radiation-induced aggregate
swelling in [10].

The antagonist effect of neutrons and gamma-rays in
radiation damage must be considered: the crystalline lattice
structure present in the aggregates is much more affected
by neutrons than the more vitreous lattice structure of the
cement paste, which is much more attacked by gamma-rays.

At this purpose, many authors [5, 17, 18, 40, 41] state that
different types of aggregates lead to concrete with different
resistance against neutron radiation. Concrete made with
flint aggregate shows considerably larger volume changes
than concrete made with limestone aggregates; the phe-
nomenon can be explained, once more, by the weakness of

covalent bonds in quartz aggregates with respect to the ionic
bonds in calcareous aggregates.

On the other hand, the cement paste undergoes shrinkage
due to (i) the radiolysis process under gamma radiation, as
illustrated above, and (ii) the evaporation of pore water under
radiation heat.

So the mismatch in the volumetric change of concrete
components (expansion in aggregates and shrinkage of the
mortar) may cause damage at the interface between the two
phases.

The uneven shrinkage properties of aggregates and
cement paste may lead to loss of concrete compressive
strength. While the overall volume growth of the composite
compromises the tensile strength, this last is shown to decay
on average of 62% and 47%, respectively, for flint and lime-
stone aggregates in the range of 2 × 1019–4 × 1019 n/cm2 [17].
According to [21] a neutron fluence of less than 1019 n/cm2
does not lead to a volume increase of the irradiated samples;
rather in this range the volume change of irradiated samples
is the expected shrinkage due to temperature exposure of the
specimens.

The conversion of crystalline quartz into distorted quartz
has a twofold detrimental consequence: (i) microcracking
due to differential volume change in the composite and (ii)
higher reactivity to certain aggressive chemicals, for example,
calcium hydroxide responsible in concrete of alkali-silica
reactions (ASR) [42, 43]. Both of these effects are detrimental
to the long-term performance of irradiated concrete.

2.2. Radiation-Induced Effects on ASR. The alkali-silica reac-
tion evolves in concrete as follows: OH− ions present in the
alkaline solution in the micropores of concrete react with
SiO
2
in aggregates to perform the scission of the Si-O bonds

and the subsequent expansion of the aggregates by hydration
of SiO

2
.The consumption ofOH− ions due to hydrolysis leads

to the dissolution of Ca2+ ions into the solution. The Ca2+
ions then react with hydrated SiO

2
gels (ASR gel) to generate

calcium silicate. Rigid calcium silicate shells typically form
on the surfaces of the aggregates as the reaction by-product
is generated. The alkaline solution can penetrate into the
aggregates through the calcium silicate shells and dissolve
SiO
2
groups. Since the rigid shells prevent the deformation

of the aggregates, the expansion pressure generated by the
penetration of the solution is accumulated in the aggregates
under the confining pressure of the silicate shells, thus leading
to cracks and the final expansion of the aggregates.

ASR may be accelerated both by lattice defects in SiO
2

minerals from neutrons irradiation and by the preexistence
of cracks in the aggregates.

The experiments by Ichikawa andKoizumi [39], Ichikawa
and Kimura [44], and Ichikawa and Miura [45] prove that
nuclear radiation significantly increases the reactivity of
silica-rich aggregates to alkalis; the decrease of the resistance
to nuclear radiation with increasing the content of SiO

2
in

aggregates strongly indicates that the deterioration is due to
the acceleration of ASR in concrete, according to the authors.

In particular the work in [39] shows that nuclear irradia-
tion may change the ASR expansion potential of aggregates,
which is driven by the stiffness of the ASR gel and contributes
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to the free expansion capability of the aggregate in determin-
ing the extent of damage due to ASR. In fact when the ASR
gel is soft and its stiffness is low, it is able to permeate into
the surrounding porous cement paste; therefore the swelling
pressure is not high and the cracking potential is low. In that
case a large amount of ASR gel formation may not create
severe damage and cracking in concrete. On the other hand,
when the ASR gel is stiff, a small amount of ASR can generate
significant damage [35]. The stiffness of ASR gel depends
mainly on its chemical composition, such as the ratio of
Na
2
O to SiO

2
. Struble and Diamond [46] conducted a study

to investigate the swelling pressure of ASR in terms of ASR
chemical composition.

Though not specifically addressing ASR, the work by
Vodák et al. [25] indicates that irradiation generates a succes-
sion of chemical reactions, leading to a decrease in the size of
pore space and hence inhibiting concrete to absorb some of
the ASR gel produced prior to expansion.

Saouma andHariri-Ardebili [47] critically reviewed exist-
ing available literature on ASR and they conclude that
radiation effects on concrete degradation are minimal for the
first 40-year operation of a nuclear power plant; however
they agree with [6] that a structural life extension to 60–100
yearsmay prove problematic, though the data to fully support
this concern are insufficient. The work is contextualized to
Seabrook site, the first reported nuclear plant in the USA
known to possibly suffer from ASR, which saw in 2010 its
operating license extended from 2030 to 2050. The work is
aimed at developing an aging management program for old
nuclear plants; it expresses the concern of overreliance on
surface crack observation and structural component testing
and at the same time it encourages the development of reliable
Finite Element Method (FEM) based simulations to address
the long-term assessment of such structures.

Graves et al. [48] offer a comprehensive evaluation of
potential aging-related degradation modes for light-water
reactormaterials and components.HereASR is pointed out as
one of the high-ranked causes of damage that can potentially
affect in the long-term the concrete containment of nuclear
plants, together with creep of the posttensioned system and
irradiation of concrete itself, which, as shown, may accelerate
ASR.

3. Particle Transport Simulations for
Nuclear Radiation Problems

The description of all the possible interactions between a
radiation particle and the absorber medium is the topic of
the so-called transport theory, a special branch of statistical
mechanics.

Accurate calculations of particle transport are needed,
nowadays more than in the past, for many reasons.

(i) The necessity to develop theoretical models of radi-
ation transport also for particle energies above 20MeV:
attenuation coefficients, such as neutron cross sections, need
to be evaluated for such energies, while complete libraries are
available for a representative set of nuclides up to 20MeV
[49]. Neutrons are known to be easily transported over many
energy decades, from the hundreds of MeV down to the meV

range; therefore the knowledge of the cross section over the
whole energy range is a concern.

Many new facilities, working at high energy, have been
recently built or are planned, in order to perform experiments
in this sense, to calibrate and validate predictive theoretical
models.

(ii) The need to accurately describe the proton- and
neutron-induced interaction mechanisms: a number of new
applications in the last fifteen years are devoted to the
production of intense neutron fluxes by protons impinging
on a thick target of a heavy element (mercury, lead, ura-
nium, etc.) for the purposes of point (i), thus producing a
cascade of nuclear reactions, known as spallation reactions,
which involve protons, neutrons, nuclear fragments (alpha-
particles, tritium, and deuterium), and secondary gamma-
rays.

(iii) The assistance in the design of accelerator-driven
systems, which are conceived as nowadays solution to the
problem of the transmutation, a possible mechanism for
reducing the volume and hazard of the radioactive waste
(spent fuel) in nuclear power reactors: accelerator-driven sys-
tems consist of a reactor coupled with a high-intensity proton
accelerator impinging on a high-density target.The spallation
reactions taking place in the target result in high neutron
fluxes here and in the surrounding core, which requires
accurate evaluation, for shielding design purposes and for the
radiological protection assessment (e.g., thermomechanical
assessment and study of the activation of components and
materials).

(iv) Similarly, the assistance in the design of other nuclear
facilities, such as new-generation reactors (generation IV):
the concept with these next-generation reactors is to use
different coolants (sodium-, gas-, or liquid-metal cooling
system) and to consider recycling of the fuel, in order to
both reach higher power (improved efficiency) andminimize
the waste production. For these systems a radiation damage
assessment of the materials subject to the intense neutron
fluxes (fuel cladding, vessel, and cooling system) is manda-
tory for fulfilling safety requirements [50].

(v) The scientific knowledge of the biological effects of
radiation, to study particle transport for biomedical pur-
poses: Monte Carlo simulations of neutron transport in
human tissues have been conducted in recent years, due
to the difficulty in carrying out experiments, in order to
determine the tissue-specific weighting factors at different
energies, which are useful for the assessment of the effective
dose of exposed subjects.

Two approaches are possible to quantify themain variable
in transport theory, the radiation flux density, throughout a
certain domain: the deterministic approach given by the solu-
tion of the Boltzmann transport equation and the statistical
approach given by Monte Carlo simulations.

As for the first method, an exact solution is possible only
in few cases [51, 52], but not for complex geometries; con-
sequently much effort has been done in the development of
approximations to the transport equation, both numerically
and analytically. In this second case the diffusion theory and
the two-group theory are worth mentioning.
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Numerically speaking, the solution of the Boltzmann
equation requires (i) energy discretization of the neutron
spectrum into discrete energy intervals based on a multi-
group formalism; (ii) angular discretization of the angular
direction of the radiation flux; (iii) space discretization or
mesh, according to FEM formulation.

As regards the second methods, some software programs
[53–57] are under continuous upgrade by their developers
to solve radiation transport problems via the Monte Carlo
technique.

3.1. Modeling Approaches for Irradiated Concrete. When
addressing the specific issues involving irradiated concrete,
especially with regard to its durability, ad hoc numerical
methods must be defined to catch all the complex coupled
mechanisms illustrated above, which might be used in con-
junction with radiation transport calculations.

In the following some recent distinguishing models of
radiation-related issues concerning concrete are reviewed.

Radiation-induced volumetric expansion is identified as
a predominant source of cracking in the cement paste of
pressurized water reactors in [58]. Based on an extensive
literature review on postirradiation experimental data, the
authors here developed a 2D micromechanical formulation
accounting for the radiation-induced swelling of aggregates,
which uses upscaling techniques to address the macroscopic
scale starting from the material scale (aggregates and cement
paste), that is, homogenization theory applied to random
media. Mechanical properties of concrete vary at varying
neutron fluence; no gamma-rays effects are considered nor
thermohydraulic mechanisms in concrete.

In a companion study Giorla et al. [59] proposed a
2D FEM model of concrete at the mesoscale, where aggre-
gates are supposed to be elastic and subject to thermal
and radiation-induced swelling while the cement matrix
is viscoelastic and it undergoes damage, drying shrink-
age, and thermal expansion. Therefore this model embod-
ies thermohydraulic aspects, though they are not coupled
with the mechanical field because actually thermal expan-
sion, radiation-induced volumetric expansion, and shrinkage
result in imposed deformations. In particular here radiation-
induced volumetric expansion is a predominant cause of
the development and propagation of damage around the
aggregate and surroundings.

In [60] a combined use of a thermohydromechanical
FEM model with a Monte Carlo code is suggested to analyse
radiation damage on a real nuclear facility under its design
operational life. Damage is here made to depend on the
neutron fluence based on Hilsdorf and coauthors’ data [5],
with all the limitations discussed in Section 1; the model
does not account for a specific radiation-induced volumetric
expansion but it allows catching the thermal aspect of
the phenomenon related to the energy deposition due to
radiation attenuation together with its implications on the
hydraulic field.

A chemomechanical approach to model aggregate dis-
solution and product precipitation in a microstructural
reaction-transport environment has been used in [61] to
simulate near-surface degradation of Portland cement paste

in contact with a sodium sulfate solution. With this tool
microstructural changes due to new solids in a confined-
growth condition are responsible for localized stress and
damage in a coupled way.

So far, then, in both the theoretical and the numerical
field no fully coupled radiothermohydromechanical models
have been accomplished yet to simulate the deterioration
mechanism of irradiated concrete, though an approach in
this sense has been proposed in [7], where the mismatch in
the volume changes between cement paste and aggregate is
pointed out as the main cause of cracking. For the sake of
completeness, the proposed model nowadays could take also
advantage of the recent advances on microscopic modeling
in the field of fracture mechanics and crack propagation [62–
66]. Recent theoretical studies and benchmark examples of
engineering interest at the nanoscale can be found in [67–
69], also in the context of thermoelasticity and viscoelasticity
[70].

3.2. Modeling Approaches for ASR. Though not always
addressing radiation-induced effects specifically, a consid-
erable interest in modeling ASR for concrete durability
investigations is found in literature. The effort in the past
years up to now was spent on the development of both:
macroscopic models and micro-/mesoscopic models.

The first are aimed at investigating the overall structural
behavior of entire concrete elements in their real context,
while the latter look at the phenomenon at a material
scale, often coupling the mechanical field with the chemical
reactions involved in the ASR gel production.

The work by Ulm et al. [71] belongs to the first kind of
approach.They developed a chemothermomechanical model
in the framework of Biot’s theory, where the concrete is
conceived as a two-phasematerial including the expansive gel
and the homogenized concrete skeleton. Here the volumetric
expansion of the gel is evaluated as a function of the reaction
kinetics, which is influenced by temperature.

Saouma and Perotti [72] proposed a chemothermome-
chanical model based on two main assumptions: the volu-
metric expansion of the gel and its redistribution in relation
of weights depending on the stress tensor.

In [73] a chemoelastic damage model, validated on the
basis of the acceleratedmultiaxial experimental tests on small
specimens, is formulated to simulate themechanical effects of
ASR in large dams.

As for the applications focusing on a lower scale, various
analytical models based on empirical equations were devel-
oped to explain ASR at the mesoscale of concrete: Bazant
and Steffens [74] proposed that the chemical reaction kinetics
is related to the diffusion process of the reactants, leading
to subsequent fracture in the characteristic unit cell of the
concrete, modeled with one spherical glass particle; Multon
et al. [75] developed a microscopic chemomechanical model
based on damage theory in order to assess the decrease
of stiffness of the mortar due to cracking caused by ASR
and to quantify the related expansion. The diffusion and the
fixation of alkalis are here assessed with the mass balance
equation and by defining a threshold alkalis concentration,
above which the formation of the gel is meant to start.
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An analytical model, for which a numerical solution is
provided, is studied in [76]. The formulation is based on the
description of the transport and reaction of alkalis and cal-
cium ions within a relative elementary volume, particularly
taking into account the influence of the reactive aggregate size
grading on ASR evolution.

Comby-Peyrot et al. [77] introduced a 3D mesoscopic
FEM model of concrete as a biphasic medium with coarse
aggregates randomly embedded in the cement matrix. Dam-
age in the cement matrix is caused by the phenomenon
of isotropic dilation of the reactive aggregates, specifically
induced by ASR.

Dunant and Scrivener [78] developed a 2D mesoscale
extended finite element (XFEM) model which defines the
geometry of the gel swelling by updating the enrichment
function. A specific damage parameter accounts for trigger-
ing of the fracture in the aggregates, due to growing gel
pockets in them.

Alnaggar et al. [79] proposed a mesoscale formulation of
ASR deterioration in concrete specimens via the Lattice Dis-
crete Particle Model (LDPM), in a chemothermomechanical
way, including nonuniform expansions, expansion transfer,
and heterogeneous cracking.

In [80] 3D micro-CT scans of the microscale hardened
cement paste are used to calibrate a coupled chemothermohy-
dromechanical FEMmodel in which the gel is assumed to be
produced in themicropores of the paste and it exerts uniform
pressure on the neighborhood. The expansion coefficient
of the gel at the microscale was obtained through a two-
step homogenization approach, thus enabling correlating
microscale damage and macroscale failure.

These references are not exhaustive; however; a compre-
hensive review of modeling of ASR in concrete is provided in
[81, 82].

4. Conclusions

Concerns over aged nuclear power stations are mounting
in several countries today. This is the primary reason for a
renewed interest in radiation damage assessment of biological
concrete shields in such facilities.

The behavior of irradiated concrete has reached up to
date commonly accepted explanations. Particularly, cement
paste and aggregates are known to behave differently under
radiation exposure conditions: cement paste shrinks under
drying conditions, the decrease in volumebeing only partially
covered by the thermal expansion due to high temperatures
arisen by associated radiation heat. Shrinkage of the cement
paste is mostly explained by water hydrolysis and water
evaporation occurring under gamma-ray irradiation. On the
other hand, aggregates expand due to accumulation of defects
in their crystal structures generated mainly by neutron
collisions. This uneven volume expansion between cement
matrix and aggregates is pointed out as the primary cause of
damage in irradiated cementitious materials, to date, based
on the available experimental studies. Much of the research
related to this topicwas conducted from the 1960s to the 1970s
in support of the development of prestressed concrete reactor

vessels for high temperature reactors and radioactive waste
storage facilities.

The need for long-term predictions of concrete shielding
of old reactors has enhanced the effort towards the modeling
of the related deterioration mechanisms, both theoretically
and numerically. The most relevant features which allow
fully addressing the whole complex physical process are
here summarized and the recent achievements in matter of
irradiated concrete modeling are reviewed.

In this framework further research is recommended
aimed at consolidating the new outstandingmicro-/mesome-
chanical models in order to (i) fill the knowledge gaps from
past experiments and (ii) possibly allow the integration of
radiation-induced effects into the chemothermohydrome-
chanical aspects of the problem in a coupled way.
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