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Summary

Exposure of concrete to ionizing radiation for prolonged periods has long been acknowledged
to cause mechanical damage. However, the way in which such "damage" is defined is often
vague, and the experimental results used to validate existing radiation damage models are
sparse and often inconsistent. The current literature review clarifies existing knowledge gaps,
and outlines how they might be addressed to better link radiation exposure and its direct effects
on concrete to the resulting manifestations of mechanical damage, with a specific focus on
those most relevant to concrete used in final disposal barriers for radioactive waste.
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Preface
The FiR 1 research reactor, located in Espoo, Finland, ceased operation in 2015. This has
prompted several studies related to its decommissioning. The focus of these studies so far has
been the activity of decommissioning waste, but the availability of concrete samples exposed
to radiation also presents an opportunity to evaluate the ageing and durability of such materials
under conditions like those in nuclear power plants (NPPs) or radioactive waste disposal
repositories. Of primary interest to these applications, mechanical properties of concrete
degrade upon radiation exposure. However, the reported "threshold" for damage by such
radiation exposure has remained ambiguous, due to both the complicating influence of high
temperature experienced by most samples and the overall scarcity of relevant experimental
data. The ambient-temperature operating environment and relatively lower levels of radiation
exposure characteristic of the FiR 1 research reactor distinguish its concrete samples as
unique, and thus well positioned to influence current understanding of concrete's mechanical
response to NPP and/or radioactive waste disposal conditions. Based on the findings of this
literature review, VTT's Structural Materials team has planned a brief series of experiments to
elucidate the extent and cause of damage induced by low levels of radiation in isolation from
temperature effects for the FiR 1 concrete, and to correlate this damage with results obtained
from non-destructive testing techniques (NDT). Outcomes will provide an improved basis for
supporting existing damage models prevalent in the literature, as well as for interpreting results
from monitoring activities f NPP and radioactive waste disposal structures.

Espoo 31.1.2020
Tandr6 Oey
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1. lntroduction and background
Concrete is a common structural material, consisting of aggregates (rocks) within a porous
matrix of hydrated cement paste. Due to its low cost and high capacity to shield against
radiation, concrete has also been frequently used as a barrier in nuclear power plants (NPPs)
and radioactive waste storage facilities.l From a safety perspective, the mechanical integrity
of concrete used in containment and barrier structures for such applications is of the utmost
importance. Although concrete was initially considered to exhibit good long-term durability,
recent efforts to extend the lifetime of NPPs and establish long-term radioactive waste disposal
repositories have highlighted the need for improved understanding of the rate and extent to
which radiation causes mechanical damage of concrete following long-term exposure.2a
The influence of radiation on concrete, and more broadly the damage that radiation causes to
concrete over time, has already been the subject of several recent in-depth reviews.l-3,5,6 While
such reviews have provided substantial insight into the varied effects of radiation (e.9.,
heating),7 most of these effects act as a driving force for other concrete damage mechanisms
that are not unique to irradiated concrete, such as drying shrinkage,s alkali-silica reaction
(ASR),9 etc., many of which themselves remain active fields of research. As such, the current
review primarily focuses on the direct effects of the radiation to concrete, i.e., those unique to
concrete in NPP structures or radioactive waste disposal repositories. Likewise, focus is placed
on recent developments, i.e., since the year 2016, with discussion of topics covered by
previous reviews focused mainly toward how more recent findings have addressed existing
knowledge gaps. Lastly, a majority of existing work on radiation damage has occurred with the
goal of evaluating the integrity of NPP containment structures. lnsights drawn from such work
are, for the purposes of the current review, discussed in the context of their implications on
concrete durability under conditions relevant to disposa/ of radioactive waste. To that end,
focus is also placed on effects of lower levels of radiation over longer periods of time, as well
as on the formation of preferential pathways for radionuclide egress to the environment, which
provides a more specific gauge for determining the extent of mechanical damage, as relevant
to VTT's decommissioning activities.

2. Overview of direct effects of radiation on concrete
lonizing radiation consists of high-energy particles or waves. By nature, a material designed
to provide shielding from ionizing radiation must consequently interact with that radiation to
absorb some or all of its energy. Whereas charged ionizing radiation such as alpha particles
1a,!He2*) and beta particles (8, e) interact more strongly with matter, and are thus generally
more damaging to living tissue, this also makes them easier to shield against. By comparison,
neutral ionizing radiation, such as neutrons (n0) or gamma rays (7), is far more difficult to shield
against, thus requiring denser shielding, e.9., concrete.l
Neutrons, which impart energy to the shielding material by colliding with its atomic nuclei, can
be divided into three categories according to their energy: thermal neutrons (< 1 eV),
epithermal neutrons (1 eV to 0,1 MeV), and fast neutrons (> 0,1 MeV).1 Thermal neutrons are
absorbed by the atomic nucleus with which they collide, resulting in an isotope that will itself
likely later undergo radioactive decay (usually emitting a, B, ot 7 radiation). On the other hand,
epithermal neutrons transfer energy by scattering from the nucleus, while fast neutrons
"bounce" off the nucleus while also producing a gamma ray. The aggregates within concrete
are typically the densest material (relative to cement paste, or the airlwater in its pores), and
thus the most likely to interact with and shield against neutron radiation.l However, many
neutron collisions can alter the atomic structure of such aggregates over time, resulting in a
transition from a well-ordered crystalline structure to a more disordered amorphous structure.
This transition, referred to as amorphization, can lead to volumetric expansion and increased
reactivity, both of which can result in eventual mechanical damage to the concrete.
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While water in the pores of the concrete is less dense than the mineral aggregates, it also
plays a significant role in neutron collisions: more energy is transferred during collisions if the
nucleus has a similar mass to the neutron, i.e., hydrogen in water (H2O)l As such, any changes
that influence the water content of concrete will also have a secondary influence: loss of water,
for example, will lead to an increase in the frequency and/or energy of neutron collisions with
other nuclei, e.9., those within aggregates, compounding the associated mechanical damage
expected from aggregate amorphization. Aggregate density reductions from amorphization will
likewise enable greater penetration by neutrons, and thus a greater extent of damage than
might be expected from knowledge of only the initial state of the concrete shielding. Such
compounding effects highlight the importance of basic understanding of direct radiationinduced changes to specffic concrete constituents, as well as the need to consider these direct
effects in describing radiation "fluence" (neutrons/cm2), which necessarily evolves over time in
response to the changes in each of concrete's individual constituents induced by the radiation.
ln contrast to neutrons, which interact with the nuclei of atoms, gamma rays interact with the
electrons surrounding these nuclei. As with neutrons, gamma rays have three main modes of
interaction depending on their energy. Low energy gamma rays are absorbed, causing the
ejection of an electron (e-) from its atomic orbital, while intermediate energy gamma rays
scatter from the electron while causing it to be ejected. High energy gamma rays are also
absorbed, but produce both an electron and a positron (e*, i.e., pair production). The energy
ranges for each of these processes depend on the atomic number of the atom with which the
gamma ray is interacting, with the "intermediate" range (i.e., where the gamma ray is deflected
rather than absorbed) being far broader for lighter atoms with lower atomic numbers.l As such,
to avoid gamma ray build-up in shield concretes it is beneficialto have an abundance of heavier
atoms. Usually this is accomplished by using denser aggregate materials, which also satisfies
the goal of increasing attenuation of ionizing radiation in general, due to the higher number
density of nuclei (for neutrons) and electrons (for gamma rays) per unit volume.
Because gamma rays interact with an atom's electrons, their most significant effects are to
break covalent bonds, i.e., those which involve the sharing of electrons between atoms (this
bond breaking is called radiolysis). One such example is that gamma rays, similar to neutrons,
can disrupt the well-ordered crystalline structure of aggregates in concrete. Although breaking
interatomic bonds in this way does not result in as large displacements of the atoms as it does
from neutrons, it nonetheless can result in increases in reactivity (i.e., possible mechanical
damage).1 These increases in reactivity due to gamma rays are not limited to aggregates,
influencing the stability even of more disordered materials, for example calcium-silicatehydrate (CSH),10 which is the primary hydration product of the cement paste and is largely
responsible for its mechanical strength. Likewise, gamma rays will also break the covalent
bonds holding together water molecules, potentially resulting in drying of the concrete and/or
build-up of hydrogen gas (i.e., possible mechanical damage).1
Lastly, it should be noted that in every instance where neutrons or gamma rays interact with
the concrete, any excess energy that is not transferred to the re-emission of other particles
and radiation contributes to heating of the concrete. This can significantly raise its temperature,
and thus produce further changes to its water content and the associated stability of cement
hydrate phases.l The extent to which such temperature effects contribute to mechanical
damage will also depend on many of the previously described direct effects of radiation, for
example changes to thermal conductivity and thermal expansion coefficients of amorphized
aggregates, or concurrent drying caused by radiolysis of water. These potentially compounding
effects of radiation and damage again emphasize that to accurately model any resulting
mechanical damage, an interdisciplinary approach is needed. Such an approach would
necessarily incorporate insights from (1) materials science, regarding time-dependent changes
in material properties; (2) from nuclear chemistry regarding how these changes influence
penetration of radiation into the shielding material; and (3) insights from structural engineering
as to how the combined influence of evolving radiation dose and concrete properties manifests
as observable mechanical damage. The current review aims to better clarify the research
needs of (1), so as to better inform future efforts regarding (2) and (3).

VTT

RESEARCH REPORT WT-R-OO1 1 4-20
6 (13)

3. Overview of radiation-induced damage mechanisms
Amongst the many mechanisms that cause mechanical damage of concrete, only one is
unique to irradiated concrete: radiation-induced volumetric expansion (RIVE). While radiation
will undoubtedly produce numerous other effects, these all influence some other property of
the concrete, which then goes on to indirecfly produce damage by a similar mechanism to that
which might occur in a normal concrete subject to various environmental stresses. Alkali-silica
reaction (ASR), for example, is caused by increased reactivity of silicate aggregates following
radiation-induced amorphization, but likely parallels ASR caused by other inherently reactive
aggregates.ll The same applies for carbonation, corrosion, creep, drying shrinkage, and
thermal damage, all of which may occur in ordinary concrete, and are simply made worse by
the concurrent effects of radiation. The attempts commonly made in the literature to model the
mechanical damage progression caused by radiation uniformly fail to offer a comprehensive
accounting of such damage mechanisms,l-3 and thus while they may have limited success for
specific concretes they are likely not generalizable. For completeness, the link between direct
effects of radiation and each of these mechanisms is briefly outlined below. However, the main
focus of the current review remains the direct effects of radiation, so as to facilitate more
detailed work on resulting damage mechanisms, and their future incorporation in models.

Damagemechanism Radiation-induceddrivingforce
Radiation induced
volumetric expansion
(RrvE)

Direct cause. Aggregate amorphization and expansion by
neutrons and gamma rays.12-14 Depends on radiation dose and
mineral type. May be exacerbated by heating and/or ameliorated
by changes to thermal expansion coefficient of materials.

Alkali-silica reaction
(ASR)

lndirect cause: Reactivity increase in silicate aggregates by
neutron collisions and/or gamma ray absorption.l5 Reliant on
solution alkalinity and moisture availability.l6 May be suppressed
by drying and/or accelerated by heating.

Creep

lndirect cause: Unverified. Possibly changes in phase stability of
CSH by radiation or associated heating/drying, via alteration of
dissolution/precipitation kinetics in response to applied stress.17
Possibly mesoscale self-reorganization of the CSH.18 Either may
be suppressed by drying and/or accelerated by heating as well
as any increases in stress caused by RIVE/ASR.

Carbonation

lndirect cause: Changes in phase stability of Ca-phases by
radiation or associated heating/drying, as well as via radiolysis
of water leading to increased COz permeability.l'1e

Corrosion

lndirect cause: Radiolysis of water and associated changes in
redox potential of the solution.20-'o May be exacerbated by
elements such as iron that are released from solid phases (e.9.,
reinforcement) upon their dissolution due to reactivity increases.

Drying shrinkage

lndirect cause: Radiolysis of water and resulting moisture loss.8
May be exacerbated by heating.

Thermal damage

lndirect cause: Radiative heating and/or changes in relative
thermal expansion coefficient of adjacent solid phases.

4. Limitations of existing literature data and reporting practices
Though the experimental literature on each of the many damage mechanisms that dictate
concrete durability is in most cases quite well developed, the available experimental data for
radiation damage of concrete is quite limited.2s A majority of the data driving recent modelling
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efforts was acquired more than 50 years ago, and varies widely in the range of aggregates,
cements, temperatures, and means of radiation exposure used. These studies also typically
focus on easily defined and widely reported metrics such as compressive strength, which
consequently have limited the scope of what is considered and widely referred to as "damage."
Given the wide scope of potential damage mechanisms, it is unsurprising that the recent focus
has mainly been limited to RIVE, the damage mechanism unique to irradiated concrete. While
this approach sidesteps the problems posed by a shortfall in greater in-depth understanding
of other damage mechanisms, it relies heavily upon an assumption that RIVE is the dominant
mechanism for "damage," while further being limited by considering "damage" as largely
synonymous with a decrease in compressive strength. While this definition is indeed likely the
most applicable for NPP containment structures, strength declines may be preceded by
smaller-scale changes in the chemical and transport properties of the concrete that would be
far more important for the use-case of concrete in disposal barriers for radioactive waste.a

The assumption of RIVE as the predominant damage mechanism has itself been justified by
broad statements about the likelihood of its importance at higher radiation doses.25 This dosedependence of radiation damage was originally raised in an early review on the topic, and has
long been used to propagate the dubious claim that there exists a required "threshold" beyond
which radiation damage will suddenly manifest.26 Though such an apparent threshold may
apply as a crude approximation in some cases exclusive to description of RIVE,12 the idea has
since been recognized as unfit for general description of radiation damage,3,27 but despite this
its use has persisted in some cases.2,2s,28 Much of the existing data on radiation damage is
only for higher radiation doses (specifically reported as neutron fluence),25 making it difficult to
draw conclusions about potential damage at lower doses (let alone for other mechanisms),
and thus providing little if any support for such a "threshold." Moreover, one older study that
has examined concrete from bore holes across the depth of shielding structures does indicate
that there is a continuous decline in compressive strength caused by radiation several orders
of magnitude below that expected from previously reported damage "thresholds" (i.e., in the
range of about 1011-101s nlcm2).2s This strength reduction also corresponds to a reduction in
moisture content, suggesting that drying (radiolysis) may have played a significant role in such
weakening, a finding supported by a more recent study during reactor decommissioning with
similar results.3o This highlights the value of such testing methods (rather than small-sample
accelerated tests), as well as the need for further study of the effect of lower neutron fluence,
and the isolated effects of gamma radiation and temperature (i.e., radiolysis and drying).

5. Recent advances and remaining knowledge gaps
Despite increasing recognition of ASR as a potentialdamage mechanism caused by radiation,
RIVE has very much remained the predominant focus of even the most recent (2016-present)
research on radiation damage.28'31-35 For the most part, this relies on modelling or simulation
using the aforementioned assumption that RIVE is the most significant mechanism contributing
to strength reduction at high radiation dose,3c,ro'sz with some studies still clinging to the idea of
a damage "threshold."28,38 While such a narrow focus on the aggregate material is a practical
interim means to model damage, is likely to be increasingly effective when paired with detailed
mineralogical characterization,3e'40 and has shown initial indications that gamma rays produce
comparable RIVE to neutrons,la a few promising theoretical studies have also emerged from
this area that may better generalize to description of other damage mechanisms.l3'41-45
These studies involve a more general description of disordered materials, which are broadly
grouped into vitrified materials, i.e., glass, and amorphized materials, i.e., irradiated aggregate.
These two types of disorder are noted to result in a different material response to temperature
rise, with glass continuously transitioning to a liquid following heating, and irradiated material
re-crystallizing and then melting at yet higher temperature when heated.al These two types of
materials are noted to have distinct atomic structures, wherein glass represents an "upper
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bound" for irradiation-induced disordering.42 lt is hypothesized based on simulation results that
when the radiation-induced defects in a given material have reached a sufficient extent to
prevent easy re-crystallization (e.9., "percolation"),aa as distinguished by a transition in atomic
topology from a "rigid" network of atoms to a "flexible" network,4s it effectively reaches this
"upper bound" and behaves identically to a glass of similar composition.a2 This is an exciting
prospect for future study of RIVE, as it implies that analogous amorphous material of any
desired composition (matching aggregates, assumedly) could be produced and studied without
the need for prolonged radiation exposure, while still exhibiting comparable density and
stiffness (and RIVE response),46 and even reactivity (and ASR response),47-s0 due to a similar
atomic topology.l3 Such a description of material disordering would even extend beyond
description of RIVE and ASR, and has also been suggested to describe the topological selfreorganization of CSH (and possibly other cement hydrates) in response to irradiation.a3
Although these, as with most recent studies on radiation damage, largely constitute simulation
results, limited experimental work has provided some validation of such improved models,s1
and the link between topology and reactivity is already quite well-established for silicates.aT-so
It should be noted though, that while the above description of atomic topology may facilitate
the study of irradiated aggregates, it is not currently understood how to synthesize cement
hydrates with controlled degrees of disorder at will, and so radiation response of the cement
paste matrix of concrete remains more difficult to study. To that end, there have been several
recent results highlighting changes in hydrated cement paste caused specifically by gamma
radiation. These have found that early-age irradiation, i.e., during initial reaction and formation
of both cement pastes and analogous "geopolyme/' binders, results in increased porosity,
though to a lesser extent when radiation exposure is delayed by 24 hours.52'53 Radiation has
also been found to increase strength due to carbonation, specifically by the formation of
uncommon polymorphs of calcium carbonate,le though these findings remain inconsistent with
others that observe weakening caused by radiation-induced carbonation,s4 thus meriting
further study. These may also link to changes in CSH (typically the phase that carbonates),
which was observed to present as larger-sized agglomerates following irradiation,5s possibly
due to preferential carbonation of smaller-sized particles, although this has been suggested by
simulation to have less impact on CSH mechanical properties than the aforementioned
disordering effects.lo Nonetheless these sorts of impacts, both regarding the hydration and
formation of cementitious phases in the presence of radiation and regarding changes in
porosity (and thus transport), are likely to prove more relevant to defining "damage" for
concrete in the context of waste disposal use-cases, especially compared with the more
typically considered reductions in mechanical strength for "mature" concretes.

Lastly, recent developments in the study of radiolysis of water have continued past work in
elucidating how resulting solution species may alter redox potential (leading to reinforcement
corrosion).21 Such results have shown the importance of iron23 and sulfide2a species, which
either catalyse or inhibit long{erm radiolysis, respectively, suggesting that radiolysis couples
with reinforcement corrosion and hydrate phase stability/dissolution, depending on what
specific elements are present in a given concrete.2o Such coupling again highlights the
importance of eventual superposition of the separate damage mechanisms within a single
unified damage model, though this will require clearer distinctions to be drawn for both the
nature of "damage" with which one is concerned (e.9., strength reduction, transport and
leaching, etc.), as well as the basics of each contributing mechanism, most of which are still
only partially understood.

6. Summary and Conclusions
Many questions as to the origins and manifestation of radiation-induced "damage" of concrete
remain unanswered. This is due to the narrow focus of much existing literature, which has

relied upon the unsubstantiated assumption that radiation-induced volumetric expansion
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(RIVE) is the predominant mechanism for causing "damage," defined as a reduction in
compressive strength, and occurring at a "threshold" for the high radiation doses most typically
relevant to nuclear power plant (NPP) containment structures. Such strength declines are
backed up only by sparse and inconsistent experimental data, and may be preceded by
smaller-scale changes in the chemical and transport properties of the concrete, which would
be far more important in other contexts like the use of concrete in disposal barriers for
radioactive waste. This has highlighted the need for more explicit definitions of what is meant
by "damage," more rigorous testing methods, increased generation of and access to resulting
experimental data, and the need for further in-depth study of the etfect of lower neutron fluence,
and the isolated effects of gamma radiation and temperature.
To better clarify existing knowledge gaps, the current review has drawn the distinction between
lhe direct effects of radiation on concrete constituents, and the indirecf effects leading to the
manifestation of various forms of "damage." Because many or all such indirect effects can be
described by models under development for the description of similar damage, as applicable
to ordinary concrete materials without irradiation, focus has been placed on knowledge gaps
pertaining to radiation's direct effects: amorphization, radiolysis, drying, and heating. The timedependent evolution of each of these variables under radiation exposure must first be
understood to provide inputs to such models for the damage mechanisms of interest, or to
begin attempts at developing more comprehensive coupled-damage models.

The bulk of current literature with regard to direct radiation effects has focused primarily on
amorphization, or disordering, of concrete aggregates. Great strides have been made toward
a generalizable description of such disordering, by quantifying atomic topology for these
materials. Such an approach provides a potential means to facilitate the future experimental
study of the density, stiffness, and reactivity of these irradiated aggregates using synthetic
glass analogues, without the need for prolonged radiation exposure. This approach requires a
greater degree of experimental validation, and may also extend to describing the disordering
of cement hydrate phases. However, no simple analogues are readily available to facilitate
study of cement hydrates, necessitating more in depth isolation of the influence of gamma
radiation, specifically, on such materials. Likewise, the effects of radiolysis, as well as coupling
between multiple of the aforementioned mechanisms and heating, are tentatively reported to
be quite sensitive to the specific concrete under study, and thus will need to be revisited and
further clarified following the generation of more pertinent experimental data.
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