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Abstract

A numerical model accounting for the effects of neutron irradiation on con-

crete at the mesoscale is detailed in this paper. Irradiation experiments in test

reactor (Elleuch et al., 1972), i.e., in accelerated conditions, are simulated.

Concrete is considered as a two-phase material made of elastic inclusions (ag-

gregate) subjected to thermal and irradiation-induced swelling and embedded

in a cementitious matrix subjected to shrinkage and thermal expansion. The

role of the hardened cement paste in the post-peak regime (brittle-ductile

transition with decreasing loading rate), and creep effects are investigated.

Radiation-induced volumetric expansion (RIVE) of the aggregate cause the

development and propagation of damage around the aggregate which further

develops in bridging cracks across the hardened cement paste between the

individual aggregate particles. The development of damage is aggravated

when shrinkage occurs simultaneously with RIVE during the irradiation ex-

periment. The post-irradiation expansion derived from the simulation is well

correlated with the experimental data and, the obtained damage levels are
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fully consistant with previous estimations based on a micromechanical in-

terpretation of the experimental post-irradiation elastic properties (Le Pape

et al., 2015). The proposed modeling opens new perpectives for the interpre-

tation of test reactor experiments in regards to the actual operation of light

water reactors.
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1. Introduction

The on-going license renewals and the perspective of extended operations

of in-service commercial nuclear power plants up to 80 years have brought a

new focus on the potential degradation mechanisms affecting concrete struc-

tures in the nuclear industry. In particular, the study of the effects of ir-

radiation on concrete appears to have been mostly disregarded since the

mid-eighties after two decades of active research, primarily oriented toward

the characterization of irradiated concrete mechanical properties – See (Hils-

dorf et al., 1978; Fillmore, 2004; Brandt and Jóźwiak-Niedźwiedzka, 2013;

William et al., 2013; Field et al., 2015) for comprehensive literature reviews.

Significant gaps of knowledge have been reported (Graves et al., 2014), and a

renewed interest on this subject has been observed recently (Fujiwara et al.,
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2009; Pomaro et al., 2011; Maruyama et al., 2012; Kontani et al., 2013;

Rosseel et al., 2014; Field et al., 2015; Le Pape et al., 2015). In particular,

the comprehensive database assembled by Field et al. (2015) (307 compres-

sion strength data, 62 tensile strength data, 138 elastic modulus data and 114

linear expansion data collected from reactor testing in the open literature)

strengthens Hilsdorf et al.’s observations and sheds a new light on the effects

of neutron irradiation on concrete: Concrete irradiated with neutrons can

see a marked decrease in compressive strength, tensile strength and elastic

modulus, particularly at fluence levels above 1.0×10+19 n.cm−2. Neutron ir-

radiation of concrete has a greater impact on the tensile strength than on the

compressive strength or the elastic modulus. Loss of tensile strength occurs

at fluence levels similar to those for compressive strength, but a 75% loss of

tensile strength can occur compared to a 50% loss of compressive strength.

“The decrease in mechanical properties is attributed to many factors but

indications show that the radiation-induced volumetric expansion (RIVE) is

a first-order mechanism for loss of mechanical properties under neutron irra-

diation. Radiation tolerance is expected to be dependent on the aggregate

type and a partitioning scheme for evaluating the data was presented. Data

suggest siliceous aggregates present the highest risk for deleterious effects of

both irradiation and elevated temperatures on concrete due to its suscep-

tibility for low fluence amorphization and corresponding swelling and high

thermal expansion coefficients” (Field et al., 2015).

However, it should be recognized that the interpretation of data obtained

in test reactor remains problematic in terms of direct application to light

water reactors (LWRs) conditions, because: (1) The temperature and irradi-
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ation exposure can be significantly higher in test reactors. (2) Several time-

dependent mechanisms can occur at different characteristic times whether

the irradiation exposure is accelerated in a test reactor during or develops

over the course of several decades of operation. Several factors control the

transposition of the materials properties and induced expansion obtained in

test reactors to LWRs operational conditions:

(1) Temperature: It typically varies from 45◦C (115°F) to about 250◦C

(480°F) in test reactors while the temperature is limited by design to around

65◦C (150°F) for LWRs. Temperatures above≈100◦C (220°F) result in degra-

dation on cement hydrates and modification of concrete properties – See Naus

(2005) for a comprehensive review. The temperature affects the kinetics of

moisture transport (Baggio et al., 1995; Bary et al., 2008; de Morais et al.,

2009), the amplitude of thermal expansions (Vodák et al., 2004), and the ki-

netics of shrinkage and creep in the cement paste (Maréchal, 1969). Also, the

radiation-induced amorphization of ceramics is controlled by a critical tem-

perature above which full amorphization cannot be reached (Zinkle, 2012).

The rate of RIVE for α-quartz is increased when the irradiation temperatures

decrease (Bylov et al., 1981).

(2) Moisture content: Actual relative humidity conditions are difficult

to assess both in test reactors, and in commercial reactors, since no mea-

surements are currently available. The relatively high columntemperature in

the reactor cavity and, the potentially elevated temperature in LWRs accel-

erate concrete drying. On top of that, many experiments are conducted on

pre-dried samples to mitigate radiolysis-induced hydrogen production. Hence

significant variations of concrete moisture content must be expected. Change
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in moisture content affects concrete strength and elastic modulus (Maruyama

et al., 2014b) as well as the amplitude and kinetics of shrinkage and creep

(Wittmann, 1970).

(3) Gamma irradiation: Gamma irradiation dose rate and total dose in

LWRs at 80 years of operation are estimated respectively around 5 to 20

kGy h−1, and, 50 to 200 MGy (Kontani et al., 2010; Remec, 2013). Most

gamma irradiation experiments reported in the literature (typically using

60Co sources) were conducted at lower doses or dose rates than those esti-

mated for LWRs (McDowall, 1971; Soo and Milian, 1989; Sopko et al., 2004;

Vodák et al., 2011; Bouniol et al., 2013; Kontani et al., 2013). Notable ex-

ceptions are (Kelly et al., 1969; Lowinska-Kluge and Piszora, 2008) reporting

gamma exposure conditions similar to LWRs although the temperature was

maintained at 20◦C during the experiments. In test reactors, i.e., combining

neutron and gamma irradiations, gamma heating ranges from 0.04 to 1.3

W g−1, where the estimated gamma heating at the surface of the concrete

biological shield (CBS) is only about 0.02 W kg−1, i.e., 3 to 5 orders of mag-

nitude lower Remec (2013). Gamma irradiation results in water hydrolysis,

the formation of gas pressure (primarily hydrogen and oxygen) (Bibler, 1978;

Bouniol and Aspart, 1998), and seems to affect concrete shrinkage and creep

(McDowall, 1971).

(4) Neutron irradiation: Fast and thermal neutron fluxes in test reactors

varies typically from 5.0× 10+11 to 2.0× 10+14 n.cm−2 s−1, and, 3.0× 10+12

to 1.0 × 10+15 n.cm−2 s−1, respectively (Maruyama et al., 2013). Remec

(2013) estimated the neutron flux at the surface of concrete in prototypical

2-loop and 3-loop pressurized water reactors was about 1.0× 10+10 to 2.0×
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10+10 n.cm−2 s−1, for energies greater than 0.1 MeV and, 2.0× 10+9 to 5.0×

10+9 n.cm−2 s−1, for energies lower than 0.41 MeV. Hence, there are several

orders of magnitude difference in terms on flux exposure. The energy spectra

can also vary significantly from the typical spectrum of LWRs. Preliminary

theoretical studies by Remec (2014) suggest that ≈ 95% of the total damage

(displacement per atom equivalent) on simple crystalline forms results from

fast neutrons above 0.1 MeV.

Hence, the effects of irradiation on concrete are the results of a com-

plex history and mechanisms involving multiple, potentially coupled, factors

which can significantly vary from the test reactors to the actual in-service

conditions in LWRs. The approach adopted in this article is to develop an

irradiated concrete meso-scale model to interpret the experiments published

in the open literature by Elleuch et al. (1972). A first meso-scale model of ir-

radiated concrete was recently developed by Salomoni et al. (2014), but does

not account for the predominant effect of RIVE. We have chosen to simulate

Elleuch et al.’s irradiation experiments because thorough details are uniquely

provided regarding the experimental protocol before and during irradiation

as well as the properties of the concrete constituents. However, the concrete

is made of high-alumina cement paste and serpentine aggregates, which does

not necessarily make it representative of concrete biological shield in typical

pressurized water reactor configurations.

2. Modeling Strategy

Assuming the theory of homogenization of random media, Le Pape et al.

(2015) developed a preliminary micro-mechanical model of irradiated con-
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crete to evaluate the role of aggregate RIVE and its interaction with the

cement paste on the development of concrete damage and the macroscopic

swelling of irradiated concrete. The inherent limitations of this model are:

(1) The difficulty to assess separately the damage induced by aggregate RIVE

and the effective elastic modulus of concrete; (2) The difficulty to assess the

role of relaxation in the hardened cement paste in the dissipation of the

elastic energy developed by aggregate RIVE. Relaxation of RIVE-induced

stresses in the cement paste may occur differently depending on the charac-

teristic time of the aggregate swelling kinetics. In other words, the aggregate

expansion occurring at a strain rate function of the fluence and the aggregate

nature, results in varied stress-relaxation in the surrounding cement paste.

In an attempt to overcome these limitations, we use the C++ extended fi-

nite element library amie (Automated Mechanics Integrated Environment)

to simulate the effects of irradiation on concrete at the mesoscale. amie was

originally developed in the context of modeling alkali-silica reaction (ASR)

(Dunant and Scrivener, 2010), but its versatility as well as its in-built ran-

dom microstructure generator makes it a generic platform to investigate the

mechanical behaviour of concrete and heterogeneous materials. The object-

oriented architecture allows for an easy implementation of new numerical

algorithms or material constitutive laws, for example for creep, damage, or

plasticity. amie uses space-time finite elements to simulate visco-elastic ma-

terials (Giorla et al., 2014). This alternative method to more common finite

difference schemes provides a more accurate representation of microstructures

which change in time, and a robust framework to solve coupled creep-damage

problems (Giorla et al., 2015).
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The simulations are performed on two-dimensional slices (here, plane

strain hypothesis) of the material microstructure to be able to characterize

the entire particle size distribution of the aggregates. Indeed, the smallest

aggregates have a critical impact on the simulated fracture properties of het-

erogeneous materials (Dupray et al., 2009), and their explicit representation

in a 3D simulation would be impractical, both in terms of memory and com-

putational time. However, two-dimensional simulations cannot fully capture

a certain number of geometrical effects, such as the possible overestimation

of crack bridging in the cement matrix, an effect which could lead to an early

failure of the sample, as found in ASR simulations (Dunant and Scrivener,

2012). The simulations were carried out on a set of dedicated workstations.

Each simulation took an average of 20 hours to complete.

2.1. Microstructure Generation

We reproduce as close as possible the conditions in which the samples were

cast in order to obtain representative microstructures. First, we generate a

list of aggregates according to a Fuller and Thompson’s particle size distri-

bution (1907) calibrated to represent the different aggregate classes (sand,

gravel, coarse) given in the experimental mix design. Aggregates are defined

as circles, neglecting effects of segregation or casting direction. The generated

particles are randomly placed in the sample, with a minimum inter-distance

of 0.1 mm. Using polygonal aggregates would have no significant effect on

the visco-elastic response of the material (Lavergne et al., 2015), but would

make the sample more brittle depending on the aspect ratio of the particles

(Du and Sun, 2007). As the geometry of the aggregates used in Elleuch et al.

experiments is unknown, this effect is ignored to limit the parameters of the

9



model.

The largest aggregate diameter is of 12 mm, which is almost half the

width of the sample. In these conditions, the sample may not be entirely

representative of the concrete, and the random placement would induce a

scatter in the simulated results. The variability of the results with different

initial positions of the aggregates is assessed in the discussion of this paper.

Unless specified, the position of the aggregates is kept the same from one

simulation to another to avoid such random scatter.

It is assumed that the aggregate is homogeneous. It is likely that these are

actually polyphasic materials in which each mineral would exhibit different

swelling behavior under irradiation. This might cause internal stresses and

cracking within the individual aggregate particles (as it is the case for some

aggregates subject to ASR), which in turn has a significant impact on the

simulation results. However, this effect would require an understanding of

the behavior of each particular phase, as well as a good representation of

the aggregate microstructure. In absence of relevant data at this point, this

effect is neglected.

2.2. Mesh Generation

The microstructure is discretized with a conforming mesh composed of

triangular linear elements. The calculations in this paper were carried out

on a mesh with ≈12,000 elements for a 2.5 x 2.5 cm sample. The mesh is

generated with a Delaunay triangulation so that the node density remains

homogeneous across the sample. This is achieved by removing points in the

cement paste which are too close to the aggregate particles, and ignoring

those aggregate particles with a radius smaller than the characteristic size
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of the finite elements. After removal of the smallest particles, the elements

representing the aggregates in the mesh cover 51% of the surface of the sample

against the 66% in the mix design from the Elleuch et al. experiment. It

is therefore expected that a lower expansion in the simulation than in the

experiments will occur. The microstructure, mesh and boundary conditions

are represented in Figure 1.

3. Constitutive Laws

Irradiated concrete is simulated at the mesoscale with a finite element

representation of the microstructure. The material properties and behavior

of an element in the mesh depend on whether that element is located in the

cement paste or in the aggregate.

The proposed model aims at calculating the mechanical effects of com-

bined irradiation, temperature, and relative humidity: overall expansion and

mechanical damage. However, the transport processes are not accounted for,

which limits the analysis to uniform fields for the neutron fluence, tempera-

ture, and relative humidity.

In the following, mechanical properties are considered functions of the

neutron fluence Φ, the temperature T , and the relative humidity h. The

subscript p denotes the material properties of the cement paste, a of the

aggregate.

The different material parameters and their value are listed in Table 2.

3.1. Hardened Cement Paste

The strain ε of a cement paste element is decomposed into the sum of the

elastic strain ε0, the recoverable and non-recoverable creep strains εr and εc,
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Figure 1: Finite element mesh and boundary conditions. Aggregate elements are repre-

sented in black, cement paste in gray.
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the thermal expansion εT , and the drying shrinkage εh.

Elastic deformations. The elastic strain is calculated with:

σ = (1− d) Cp : ε0 (1)

where Cp is the material fourth-order elastic tensor and d an isotropic

damage variable in the sense of continuum damage mechanics (see for ex-

ample Jirásek (2004)). We assume the cement paste is mature, i.e., fully

hardened once chemical hydration is completed. Using plane strain assump-

tion, Cp can be expressed from the Young modulus Ep and Poisson ratio

νp:

Cp =
Ep

(1 + νp)(1− 2νp)


1− νp νp 0

νp 1− νp 0

0 0 1− 2νp

 (2)

The Young modulus of the cement paste depends strongly on the tem-

perature (Naus, 2010) and the relative humidity (Wittmann, 1973) in the

sample. This effect is characterized in the proposed model by adjusting Ep

as a function of the maximum temperature reached in the sample at any

given instant max(T ):

Ep(T ) =

 Ep(T = T0), T < T1(
1− dT × max(T )−T1

Tmax−T1

)
Ep(T = T0), T ≥ T1

(3)

where T0 is the reference temperature at which the Young modulus was

measured, T1 a threshold temperature below which no thermal damage oc-
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curs, and dT is the loss of elastic properties between the reference tempera-

tures T1 and Tmax.

Thermal expansion. The thermal expansion is linear with the temperature:

εT = αp(T − T0) where αp is the coefficient of thermal expansion and T0

the reference temperature. In cementitious materials αp is a function of the

amount of water in the material (Grasley and Lange, 2007), but this effect

is ignored in the proposed model by lack of better data.

Creep deformation. There is very limited data on creep of irradiated con-

crete available in the literature. McDowall (1971) conducted sealed shrink-

age and uniaxial creep (10 MPa at 30◦C) experiments on concrete under

gamma irradiation while control samples were tested in similar temperature

condition. Venting of irradiation induced gases, i.e., induced water radioly-

sis, is accomplished by means of a gas bubbler filled with water to prevent

vapor migration. The shrinkage measured during irradiation was more than

twice of that of the control sample, while the creep curve under irradiation

increasingly diverged from the control sample. After 250 days of loading,

the irradiated creep amplitude was about 70% of that of the control sample.

Separating the effect of loss of moisture from potential intrinsic effects of

the gamma-irradiation is difficult because the gas release was not measured.

Creep amplitude of pre-dried cement paste samples decreases as the internal

relative humidity diminishes (Wittmann, 1970). However, it must also be

noted that only gas transport seems to be permitted in McDowall’s experi-

ment while “normal” moisture transport and subsequent internal drying in

concrete is governed primarily by vapor diffusion and liquid permeation (the

role of gas transport is usually neglected because the internal gas pressure is
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assumed close to the atmospheric pressure in a open system (Mainguy et al.,

2001)). Hence, limited loss of moisture content could have occurred. The

possibility of an actual effect of gamma-irradiation on creep mechanism can-

not be ruled out, but, by lack of sufficient experimental data, the potential

effect of gamma-irradiation on shrinkage and creep properties are disregarded

in the proposed modeling.

However, modeling of the cement paste creep under the effects of moisture

content and temperature is considered here because of the it potential impact

on the development and propagation of cracks in the cement paste. In par-

ticular, it seems important to consider creep in the perspective of modeling

the concrete biological shield (CBS) to account for any RIVE rate effect.

Several studies have shown that the long-term creep of cementitious ma-

terials follows a logarithmic curve, from the short-term and nanoscale Van-

damme and Ulm (2009) to the long-term and macroscale (Ulm et al., 1999;

Bengougam, 2002; Bažant et al., 2012). This logarithmic trend can also be

understood from a micro-mechanical perspective by the propagation of vis-

cous interfaces at the nanoscale, for example arising from the opening of

diffused micro-cracks in the hydrates microstructure (Shahidi et al., 2014).

From a modelling perspective, this long-term creep can be represented by a

time-dependent dashpot as in the B3 model (Bažant and Baweja, 2000):

σ = (1− d)

(
1 +

t

τp

)
Ep : ε̇c (4)

where Ep is a fourth-order viscosity tensor, τp is a material characteristic

time, d the damage variable, εc is the long-term creep strain, and the overdot

is the time-derivative operator. Ep can be calculated from the uni-axial
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viscosity of the material ηp and the Poisson ratio νp using the plane strain

approximation. In the proposed model, the same Poisson ratio for the elastic

and visco-elastic deformations is used:

Ep =
ηp

(1 + νp)(1− 2νp)


1− νp νp 0

νp 1− νp 0

0 0 1− 2νp

 (5)

This behavior represents well the long-term creep of the material, but

the deformations it induces cannot be recovered upon unloading. A single

Kelvin-Voigt unit is therefore added in series to the dashpot described above:

σ = (1− d) Ep :

(
1

τp
εr + ε̇r

)
(6)

where εr the recoverable creep strain. The total creep strain is therefore

the sum of the recoverable and non-recoverable strains, i.e., respectively εr

and εc (Neville, 1960).

In the present model, the same viscosity tensor for the Kelvin-Voigt and

the dashpot is assumed. This hypothesis is based on the observation that the

recoverable and non-recoverable parts of the deformation cannot be distin-

guished on an experimental creep curve. A better approximation would be

obtained if the unloading behaviour of the cement paste is known from the

experiments (Hilaire et al., 2014). The final rheological model for the creep

of the cement paste is shown in Figure 2.

The effect of temperature, relative humidity, and irradiation on creep can

be captured by adjusting the viscosity ηp and/or characteristic time τp.

The effect of temperature on acceleration of creep (Maréchal, 1969; Ben-
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𝔼

ℂ 𝔼(1+t/τ)

𝔼/τ

ε(T,h)

Elasticity
Recoverable

creep
Non-Recoverable

creep
Drying shrinkage

Thermal expansion

Figure 2: Rheological model of the hardened cement paste.

gougam, 2002) is represented in the model with an Arrhenius law:

τp(T ) = exp

[
Tact

(
1

T
− 1

T0

)]
τp(T = T0) (7)

where T0 is the reference temperature at which the creep properties were

measured. Tact is an “activation temperature” for creep. The value of Tact

varies from one cement composition to another: the B3 model for concrete

suggests to use a value of 5.000 K (Bažant and Baweja, 2000), but Bengougam

(2002) found values ranging from 6.000 to 17.000 K for cores extracted from

concrete dams. In the current simulations, we use 5.000 K as suggested by

Bažant and Baweja.

At constant relative humidity, the creep of the cement paste decreases

with a lower water content (Wittmann, 1970). From the careful analysis of

the experiments of Wittmann, who studied the creep of sealed cement paste

specimens, pre-dried at varied relative humidities, the creep viscosity ηp and
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the relative humidity h can be related:

ηp(h) =

[
1− h
hc

+ exp

(
−1− h

hc

)]
ηp(h = 1) (8)

Where hc is a material property (same dimension as a relative humidity)

found to be equal to ≈0.2 in the case of Wittmann’s experiment, although it

might vary from one cement formulation to another. With this formulation,

the material will still exhibit creep deformation, even at very low relative

humidity.

It should also be noted that the reduction of the creep with the relative

humidity is different from the Pickett effect (i.e., the increase of the apparent

creep of a specimen in drying conditions) (Pickett, 1942), primarily caused

by microcracks induced by gradients in relative humidity through the sample

(Benboudjema et al., 2005). In other words, the Pickett effect can be consid-

ered as a structural effect on the heterogeneous micro-structure of concrete,

and is therefore omitted in the present material constitutive behavior formu-

lation at the meso-scale.

Drying shrinkage. As the result of relatively high temperature and irradia-

tion heating, loss-of-water-induced shrinkage is observed during post-irradiation

evaluation of test reactor experiments — See (Field et al., 2015, Fig. 6)

for details. Drying shrinkage in cementitious materials is usually simulated

as a function of the total water content in the material (Baroghel-Bouny

et al., 1999). However, this requires the characterization of the adsorp-

tion/desorption curves of the material. This information is not available

in open literature publications dealing with irradiated concrete. The alter-

native is to use the relative humidity as in the B3 model (Bažant and Baweja,
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2000). Unfortunately, neither the moisture content or the relative humidity

are measured during irradiation experiments available in the literature.

In the present model, the drying shrinkage is decomposed into two sepa-

rate terms: firstly, assumed to be linear with the relative humidity (RH) (h)

before irradiation, and secondly, linear with the neutron fluence (Φ), which

is more commonly measured in irradiation experiments, and thus can be

calibrated directly with experimental data:

εh = kh (h− h0) + kΦ Φ (9)

with kh is the non-irradiated drying coefficient of the material, h0 the ref-

erence relative humidity before the experiment, and kΦ the irradiated drying

coefficient.

Strength and Stress-Strain Behavior. Cement paste is considered as a quasi-

brittle material with a linear softening branch. This behavior is characterized

by the tensile strength ft and the ultimate tensile strain at the end of the

softening curve εy,t (respectively fc and εy,c for the failure in compression).

Damage is simulated with an algorithm adapted from the work of Rots

and Invernizzi (2004) and Dunant and Bentz (2015) for time-dependent ma-

terials. The damage, d, in a given element, is increased by ∆d when the

strain reaches the failure surface of the material. This instant is determined

for any single element as the root of:

‖ε̄‖ − Esoft
Esoft + Einst

εy,t = 0 (10)

where ‖ε̄‖ is the maximum principal component of the nonlocal strain

in the element, Esoft the softening modulus (i.e., the slope of the softening
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branch), and Einst the apparent instantaneous modulus, accounting for the

current damage and visco-elastic strains. With this algorithm, elements are

damaged in a sequence of damage events. The key point of the algorithm is

that the instant at which these events occur are explicitly known from the

space-time approximation. The time-step can then be adjusted to account

for the period between two damage instants during which the material be-

haves linearly. The viscoelastic strains are thus exactly integrated over that

time period, without further modification of the visco-damage model or fi-

nite element procedure. The entire algorithm is described in greater details

in Giorla (2013). The strains are smeared over a certain radius rnl to avoid

localization of the damage in a single band of elements (Pijaudier-Cabot and

Bazant, 1987).

The strength of the material is, furthermore, dependent on the strain rate,

the temperature and the relative humidity. The strength of concrete is higher

for faster strain rates (Rusch, 1960), but the failure mode also changes from

brittle to ductile when the strain rate is slower. Bažant and Gettu (1992)

quantified this effect on concrete loaded at different strain rates, but not

on cement paste, because of the difficulty to measure post-peak behavior

on cementitious samples. The transition between failure modes may lead to

important differences in the stability of the fracture propagation, as observed

from meso-scale simulation of ASR (Giorla et al., 2015). However, this effect

is ignored in the proposed model due to the lack of relevant data for cement

paste.

At high temperature, the strength of the cement paste decreases first

because of the dilation and evaporation of the pore water, then reaches a
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minimum around 120◦C, after which it increases and plateaus up to ap-

proximately 450◦C (Komonen and Penttala, 2003). At the minimum (for

temperatures between 100 to 200◦C, depending on the material), the loss of

compressive strength is approximately equal to 25%, while the loss of tensile

strength can reach up to 80% of the material initial strength.

The strength of the cement paste is also strongly dependent on the

amount of water present in the microstructure. Maruyama et al. (2014a)

found a complex evolution of the strength with the relative humidity: the

strength first increases, then decreases until it reaches its original value

(around 40% relative humidity), then increases again.

Radiation experiments on pure cement paste have shown that the loss

of strength in the paste is primarily caused by the high temperature or the

loss of water during the experiment (Kelly et al., 1969; Elleuch et al., 1972).

The separate effect of radiation on the strength of cement paste is therefore

neglected in the model.

Simulating the influence of temperature and relative humidity on the

strength of the material would introduce a large number of new material

parameters which are generally not evaluated for the cement pastes used

in the radiation experiments, and are likely to be strongly dependent on

the cement type and composition. Given that the experiments of Elleuch

et al. (1972) use a very specific aluminate cement, for which the properties

at high temperature or low relative humidity are unknown, these effects are

not accounted for in the proposed model.
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3.2. Aggregate

The aggregate is simulated as a purely elastic material with an imposed

deformation equal to the sum of the thermal expansion εT and the RIVE εΦ.

The aggregate is considered monophasic with homogeneous mechanical prop-

erties (including the RIVE). Under these conditions, the damage initiates

and propagates exclusively in the cement paste, so the damage properties

of the aggregates are neglected. Based on early simulations, the internal

stresses inside the aggregate were found well below the material strength.

This hypothesis would not be applicable in the case of polyphasic aggregate,

as differential strains could cause cracking inside the individual aggregate par-

ticles, as what can be found in some cases for ASR. This has been proposed

by Seeberger and Hilsdorf (1982) as a possible mechanism of degradation for

irradiated granite.

RIVE of silica-bearing aggregate has been confirmed as a potentially im-

portant degradation mechanism (Seeberger and Hilsdorf, 1982; Le Pape et al.,

2015; Field et al., 2015) for concrete under neutron irradiation: RIVE can

develop important dimensional change, comparable or higher, to those ob-

served for ASR-affected concrete. Neutron exposure, at high fluence, causes

amorphization (Bonnet et al., 1994; Douillard and Duraud, 1996) (disorder-

ing of the atomic structure) and volumetric change (Wittels, 1957; Primak,

1958; Zubov and Ivanov, 1966; Seeberger and Hilsdorf, 1982) (change of den-

sity) of crystalline structures of specific aggregates. Amorphization results

in a change of loss of elastic properties (Frondel, 1945; Seeberger and Hils-

dorf, 1982). The volumetric change is prominent for quartz, but is not so

marked for calcite (Hauser and Schenk, 1964; Luthra, 1969) even at fluence
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reaching 1.0 × 1020 n.cm−2 (E > 0.1 MeV). Other silicates, like zircon and

micas (muscovite, biotite), exhibit important density/volume change (See-

berger and Hilsdorf, 1982; Crawford and Wittels, 1956, 1958) under neutron

irradiation above 1.0 × 1019 n.cm−2. The integrity of irradiated granite at

high fluence is also questioned (Seeberger and Hilsdorf, 1982).

In the present work, we use the sigmoid curve from the work of Zubov

and Ivanov (1966) to simulate the RIVE as a function of the fluence:

εΦ =
κ εmax

(
eδΦ − 1

)
εmax + κ eδΦ

(11)

where εmax is the expansion after complete amorphization, κ and δ con-

trol the shape of the curve. These parameters can be identified from the

expansion curves of the pure aggregate (Le Pape et al., 2015).

Thermal Expansion of Aggregate. The thermal expansion of aggregate can

account for a significant portion of irradiated concrete expansion (Le Pape

et al., 2015) when the irradiation experiments are conducted at higher tem-

perature (Elleuch et al., 1972). Besides a few exceptions, Johnson and Par-

sons (1944); Fei (1995) observed that the thermal expansions of most rocks

follows smooth, fairly linear, curves with temperature ranging from -10◦C

to 100◦C. van Buskirk et al. (1985) observed that the thermal expansion

of a sandstone, a tuff, and a basalt was also nearly linear in the range of

temperature between 20◦C to 150-250◦C.
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4. Experimental Data

4.1. Temperature and irradiation scenarios

The temperature history is described in great details in (Elleuch et al.,

1972). Only a few elements are not provided, and thus, require additional

assumptions. After fabrication, “The cement paste and concrete molds were

placed in water heated at 60◦C for 24 h before being stored for curing at

20◦C and 60% relative humidity. The thermal treatment improves the sta-

bility of the crystalline structure of the aluminate hydrates” (Le Pape et al.,

2015). After cooling, the specimens were stored at 20◦C and 60% RH for

three months. The second pre-heating, also referred to as thermal treatment

reached 250◦C. “The purpose of this curing process was to bring about an

initial elimination of water from the samples and to lessen the harmful effects

of the sudden temperature rise that the samples have to withstand at the

start of irradiation” (Elleuch et al., 1972). There is no information whether

the samples were subjected to the highest temperature for the same period

of time as at the other stages or not, therefore one week in this case is only

an assumption. After the second pre-heating the temperature returned to

the room temperature of 20◦C before irradiation testing. In the simulations,

it is assumed that all samples were subjected to the same pre-irradiation

temperature scenario.

Elleuch et al. also provide the temperature distribution in the irradia-

tion capsules during the irradiation. The temperature evolution during the

irradiation is not known, however, some information can be inferred from

a related article (Rappeneau et al., 1966) on concrete testing in the same

reactor. The temperature reaches a peak at the end of the first day, after
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which it decreases and stabilizes after 2.5 days. This scenario was compared

with a simplified scenario assuming the temperature reaching its base level

in approximately one day: both scenarios lead to very similar damage devel-

opment in the specimen.

The total irradiation fluence received by the concrete specimens, dis-

tributed in 5 different capsules, namely G1 to G5, ranges between 1-10

×10+19 n.cm−2 (fast neutrons). The question of the actual neutron flux

spectrum does not need to be raised here for the interpretation of the irradi-

ation experiments because all materials properties function of the fluence are

provided for energies higher than 1.0 MeV. For each capsule, three couples of

temperature and fluence were simulated in order to cover the wide range of

observed variations (see Figure 3) obtained from (Elleuch et al., 1972, Figure

3 and 5, combined and adapted). Specific values are reported in Table 1.

The corresponding fluxes range from 2.2 to 4.7 ×10+12 n.cm−2 s−1, i.e., in a

slightly wider range of fast neutron flux than that reported by Elleuch et al..

4.2. Constitutive parameters

The parameters of the model presented above were carefully calibrated

on experimental data when possible, or using backward numerical analysis

otherwise. Three different cases were met:

• Parameters that were directly measured by Elleuch et al. were used

without modification. Regression analysis using a least-square approx-

imation was used to extract parameters from the experimental curves.

• Experimental data from the literature were used for parameters not

given by Elleuch et al., provided they were measured on similar mate-
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Figure 3: Temperatures and neutron fluences for the different capsules (G1-G5) in Elleuch

et al. (1972) experiments. Solid lines represent the lower-bounds, dashed lines the upper

bounds.
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Table 1: Temperatures and fast neutron fluence (E > 1.0 MeV) used in the simulations.

Capsule Temperature Fluence

(◦C) (×10+19 n.cm−2)

G1 162 1.37

194 1.57

205 2.62

G2 176 1.73

207 2.22

224 3.79

G3 202 3.32

223 5.20

235 4.10

G4 146 3.92

203 4.57

204 5.39

G5 173 6.87

191 9.82

223 10.12
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rials. This is for example the case of the creep properties of the cement

paste.

• If there were no direct experimental data to calibrate a certain param-

eter, but where experimental data showed some tendency, the values of

these parameters were obtained using backward analysis. Lower and

upper bounds were provided when possible to assess the uncertainty

on these values.

These three different approaches complement each other and provide a

rigorous framework for analysis of experiments in which experimental data

are missing. Parameters for which no experimental data was found, and

which could not be derived from backward analysis of Elleuch et al. (1972)

experiments, were neglected to avoid including further sources of uncertain-

ties.

Elastic properties. The mechanical properties of aggregate and cement paste

are given although the modulus of elasticity is described by the ultrasonic

wave propagation velocity. Then, the dynamic modulus can be derived by:

V 2 =
Ed (1− ν)

ρ (1 + ν) (1− 2ν)
(12)

where V is the ultrasonic wave propagation velocity, ρ is the material density

an Ed is the dynamic modulus. The finite element calculation uses the static

modulus of elasticity, therefore, the following expression which used to be

part of the British code is applied on the cement paste:

E = 1.25Ed − 19 (13)
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The static modulus of aggregate is estimated by an empirical formula

(Eissa and Kazi, 1988):

log10E = 0.02 + 0.77 log10 (ρEd) (14)

It gives the modulus of elasticity of the cement paste, 35.5 GPa, the

aggregate, 97.3 GPa and the concrete, 59.1 GPa.

Creep properties. Elleuch et al. did not measure the creep or relaxation prop-

erties of their cement paste, so these must be assumed from other sources.

The cement used is an aluminous cement, and very limited data concerning

creep of aluminous cement or concrete can be found in the literature. Hum-

mel (1959) measured the creep of concrete made with ordinary Portland

cement (OPC), in one hand, and aluminous cement, in the other hand. The

water-cement ratio and aggregate-cement ratio was equal in both formula-

tions. We fitted the experimental curves from Hummel with the logarithmic

creep model described previously (see Eqs 4,6), and found that the viscosity

ηp is equal for OPC and aluminous cements, but the characteristic time of the

creep deformation τp is higher for the concrete made with aluminous cement

paste. The experimental creep curves and corresponding fits are shown in

Figure 4.

This result cannot be directly applied to Elleuch et al. experiments be-

cause of the difference in water/cement ratio, but it suggests that the creep

viscosity ηp is independent of the cement type, while the characteristic time

τp is much higher. Therefore, we use the experiments of Wittmann (1970),

who measured the creep of OPC pastes with a water/cement ratio of 0.4

(against 0.38 in Elleuch et al. experiments), to estimate ηp. We use the
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Figure 4: Creep curves for OPC and aluminous concrete. Experimental data points from

(Hummel, 1959). Numerical curves obtained by fitting Ep, ηp and τp for the logarithmic

creep model.
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value of τp from the experiments of Hummel, even though it was measured

on concrete rather than cement paste.

Finally, we use the same Poisson ratio for the creep and elastic deforma-

tions in absence of appropriate data concerning volumetric/deviatoric creep

for aluminous cement paste.

Shrinkage. Elleuch et al. did not measure the deformation induced by the

thermal treatment phase of their experimental procedure. However, they

measured the loss of mechanical properties during that phase. The pulse

velocity of the cement paste is reduced by approximately 10%, which leads

to an approximate loss of stiffness around 20% after usage of (12-13). This

gives the value of the thermal damage dT which appears in (3), while the

value of the temperature thresholds T1 and Tmax were chosen respectively

equal to 170 and 250◦C based on experiments on mechanical experiments at

high temperature on aluminous concrete from the work of Simonin (2000) in

absence of more relevant data.

The concrete pulse velocity is also reduced during the thermal treat-

ment. However, in the simulations, the loss of stiffness in the cement paste

was not enough to reduce the concrete mechanical properties as much as in

the experiments. This indicates that the thermal treatment phase produces

micro-cracking in the material. Therefore, we adjusted the drying shrinkage

so that damage initiates during that phase. We found a value of kh equal

to -1.2 mm m−1, which is close to the value used by Maruyama and Sugie

(2014) to simulate the drying shrinkage of cement paste. After that value

has been fixed, the damage properties of the cement paste were calibrated as

described in the following section.
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Elleuch et al. measured the irreversible drying shrinkage induced in the

cement paste during the irradiation. This shrinkage is primarily caused by

the sustained temperature in the irradiation rig rather than the neutron irra-

diation itself. However, there was a large scatter in the shrinkage measured,

especially for the highest fluences. Therefore, we will consider two scenarios

to provide lower and upper bounds for this additional shrinkage. It is ne-

glected in the first approach: kΦ = 0. In the second approach, it is described

as a function of the neutron fluence, since it is a direct measure of the time

spent under irradiation. An analysis of the experimental data provided a

value of kΦ equal to -1.0 mm m−1/(10+19 n.cm−2) for fluences below 6×10+19

n.cm−2. The shrinkage does not seem to increase beyond that point, there-

fore in the simulation the additional shrinkage during irradiation was capped

to -6.0 mm m−1.

Damage properties. The linear softening damage model used requires three

independent parameters: the strength ft, the ultimate strain at the end of the

softening curve εy,t and the characteristic radius for the non-local averaging

rnl. While the strength is known from the experiments, both εy,t and rnl

need to be defined using backward analysis of the numerical results against

the experimental data. To do so, we used the thermal treatment phase,

as the mechanical properties were measured before and after. During that

phase, the concrete shows a reduction of stiffness and strength, which tends

to indicate occurrence of micro-cracking in the material, but no macro-crack

propagation.

We first calibrated rnl so that the apparent width of the damaged band

(after calculation) would be the width imposed: for larger rnl, the interac-
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tions between the different aggregates dominate and the apparent width of

the damaged band becomes controlled by the size of the aggregates rather

than rnl (Bažant and Pijaudier-Cabot, 1989). Bridging between aggregate

becomes easier for high rnl and may lead to spurious macro-cracking. We

chose a value which did not cause the sample to fail during the thermal treat-

ment phase even for a purely brittle material (εy,t equal to the strain at the

peak Ep × ft).

Then we calibrate εy,t so that the loss of stiffness after thermal treatment

would match the experimental results, accounting for the thermal damage

dT in the cement paste. For high εy,t, the material n.cm−2 is more ductile,

which stabilizes the damage propagation. For low εy,t, the material becomes

more brittle, which may cause the propagation of a macro-crack through the

sample. We found εy,t = 0.5985 mm m−1, value at which point damage is

initiated around the boundaries of the sample, but no macro-crack occurs.

Aggregate anisotropy. Elleuch et al. reported the coefficient of thermal ex-

pansion (CTE) and strength of aggregate for two different directions, showing

thus the anisotropy of the material with respect to its foliation. In absence

of relevant information about the aggregate microstructure, this effect is ig-

nored in the simulations, and the average values of two directions were chosen

when possible.
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Table 2: Constitutive parameters used in the simulations. Unless noted otherwise, ex-

perimental data are from (Elleuch et al., 1972). (1) Experimental data. (2) Calculated

from the experimental pulse velocity and density, Eq. (12-14). (3) Typical value for con-

crete. (4) Based on mechanical experiments for aluminous concrete by Simonin (2000).

(5) Calibrated with numerical simulations of the thermal pre-treatment. (6) Based on

creep experiments for OPC by Wittmann (1970). (7) Based on creep experiments for alu-

minous cement concrete by Hummel (1959). (8) Typical value for concrete recommended

by Bažant and Baweja (2000). (9) Arbitrary parameter. (10) Experimental data, average

of two directions. (11) Calibrated by Le Pape et al. (2015) on the experimental data.

Cement paste

ρp [kg m−3] 2350 (1)

Ep [GPa] 35.5 (2)

νp [-] 0.2 (3)

αp [µm m−1 ◦C−1] 9 (1)

T1 [◦C] 170 (4)

Tmax [◦C] 250 (4)

dT [-] 0.2 (1)

fc,p [MPa] 120 (1)

εy,c [mm m−1] 5.25 (5)

ft,p [MPa] 17 (1)

εy,t,p [mm m−1] 0.5985 (5)

rnl [mm] 0.18 (5)

kh [mm m−1] -1.2 (5)

h0 [-] 0.6 (1)
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kΦ [mm/m/(10+19 n cm−2)] -1 (1)

ηp [GPa d] 40 (6)

τp [d] 12 (7)

Tact [K] 5000 (8)

hc [-] 0.2 (6)

∆d [-] 0.1 (9)

Aggregate

ρa [kg m−3] 2800 (1)

Ea [GPa] 97.3 (2)

νa [-] 0.2 (3)

αa [µm m−1 ◦C−1] 7.5 (10)

εmax [mm m−1] 97.2 (11)

κ [10−19 cmn ] 0.0099 (11)

δ [-] 84.268 (11)

5. Results of the Numerical Simulations

Figure 5 presents the evolutions of the average deformation in the concrete

and damage in the paste over time for a prolonged irradiation test in capsule

G5, i.e., reaching fast-neutron fluence of about 10+20 n.cm−2 (E > 1.0 MeV).

This specific simulation, obtained with the assumptions that no additional

shrinkage occurs during irradiation, is qualitatively representative of all the

conducted simulations. Hence, the subsequent analysis can be generalized

to all capsules. Damage in the paste is initiated at the end of the pre-

thermal treatment phase, and appears to create bridges between the surface

and the closest aggregate. Damage amplitude remains very moderate at
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that stage. Damage increases sharply immediately after the start of the

irradiation test, grows rapidly during the first 50 days (i.e., to a corresponding

fluence of about 3.0× 10+19 n.cm−2), and tends to level off at a damage level

of about 0.4-0.5 beyond 50 days. Damaged element bridges between the

largest aggregates form rapidly (at ≈ 0.3 × 10+20 n.cm−2) in the cement

paste. Later, a damage layer appears homogeneously distributed around

the aggregates. Simultaneously, similar damage patterns (bridges) develop

around the smaller aggregates. At a later stage, damage continues spreading

between the previously damaged zones.

Figure 6 shows the comparison of the post-irradiation expansions obtained

experimentally by Elleuch et al. (◦) with the mean value of εxx and εyy from

the numerical simulations (�). The post-irradiation linear expansion corre-

sponds to the variation of dimensional change of the specimens before and

after irradiation. Experimentally, the post-irradiation expansion is measured

after a cool-off period needed to decrease the activity level of the samples

to a tolerable level. In Figure 6, this situation corresponds to the (�) sym-

bols. The general trend of the computed post-irradiation expansions with

increasing fluence is well correlated with the experimental measurements,

although the amplitude is underestimated by nearly 1 mm m−1. When the

experimental results (◦) are compared to the expansion variation simulated

immediately at the end of the irradiation test (�), the correlation in terms of

amplitude is excellent. Acknowledging that the behavior of the paste is mod-

eled by a damage model, no irreversible deformations during the unloading

cool-off phase are accounted for, although important damage levels (≈0.4)

are obtained. Hence, the post-irradiation expansion calculated at the start of
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the cool-off period, provides a better estimation, if most of the deformation

of the paste, i.e. cracking, is irreversible. This result corroborates earlier

interpretations based on micromechanics theory (Le Pape et al., 2015): ex-

pansion of the aggregate caused by temperature increase and RIVE results in

important paste damage and irreversible expansion of concrete. In Figure 6,

the error bars correspond to the amplitude of variation between εxx and εyy

(numerical results). At low fluences, the error is minimal indicating a nearly

isotropic behavior of the specimen. The scatter increases at higher fluence.

This apparent loss of isotropy can be explained by the cumulated effect of

rather small size of the sample (2.5 cm for a maximum aggregate size of 1.2

cm) and of severe damage creation.

The results presented in Figure 6 do not account for additional shrinkage

during irradiation, i.e., kΦ = 0 in Eq. (9). In absence of loss of mass mea-

surements, the actual shrinkage during irradiation is difficult to assess. In

general, there is no correlation between the shrinkage of pure paste samples

and the neutron fluence (Field et al., 2015). Hence, shrinkage is modeled

by a bilinear model providing an upper-bound, in absolute value, of the

post-irradiation shrinkage data provided in (Elleuch et al., 1972, Fig. 8).

The results corresponding to this assumption are presented in Figure 7, (�)

marks. Maximizing shrinkage deformation leads to an underestimation of the

experimental data in the range of 4-7 ×10+19 n.cm−2). For a given fluence,

a couple of (�-�) provides, in a certain sense, a lower and upper estimation

of the post-irradiation expansion given the variability of additional shrinkage

during the irradiation experiments.

Figure 8 shows the evolution of deformation and damage through time
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for the capsule G5 (C: 223◦C, 10.12 × 10+19 n.cm−2 at E > 1.0 MeV) with

and without the additional shrinkage. The differential strain between the

shrinkage in the paste and the RIVE in the aggregate causes the material to

fail earlier than without shrinkage, while reducing the macroscopic expansion.

Numerically-derived damage (average value in the cement paste) is com-

pared to the theoretically-derived damage, i.e., crack density estimated, in

the sense of Budiansky and O’Connell (1976) assuming a tridimensional

self-consistent micromechanical model for irradiated concrete developed by

Le Pape et al. (2015) – Fig. 9. Note that, a crack density of 9/16 corresponds

theoretically to a complete loss of elastic stiffness. The comparison between

the two approaches is to be made cautiously. The trends of the levels of dam-

age calculated by both methods are comparable. The numerically-derived

damage assuming the absence of shrinkage during irradiation is, as expected,

lower (by about 0.1) than the damage derived accounting for shrinkage dur-

ing irradiation. The damage rate appears higher for fluence below 3.0×10+19

n.cm−2. The amplitude of damage confirms the previous theoretical results

showing the large extent of damage produced during the radiation experi-

ment.

6. Discussions

A certain number of parameters were not well characterized in Elleuch

et al. experiments and thus needed to be assumed. Some of the uncertainties

induced by these assumptions are evaluated and discussed in this section.
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6.1. Microstructure Effects

We used the same microstructure and mesh represented in Figure 1 in the

previous set of simulations. In this case, the sample is not a representative el-

ementary volume as the diameter of the largest aggregate (12 mm) is around

one-half the width of the sample (25 mm). The position of the central largest

inclusion may have a significant influence on the simulated results, as crack-

ing initiates between that aggregate and its largest neighbours. To assess the

scatter caused by the heterogeneities in the microstructure, we repeat the set

of simulations from the G3 capsule (temperature 202◦C, fluence 3.32×10+19

n.cm−2). Five different random microstructures are generated with the same

particle size distribution. The area, i.e. volume fraction, covered by aggre-

gates elements after meshing is fairly consistent from one microstructure to

another (less than 0.1% relative variation).

Figure 10 represents the expansion and damage for each microstructure

compared to the reference value found in the previous section. Interestingly,

the expansion seems in general higher in these microstructures than in the

reference. This can be explained by the fact that in the reference, the largest

aggregate particle is located around the center of the sample, so its expansion

is homogeneously restrained. In the other microstructures, that particle is

generally closer to the boundaries of the sample, which allows it to deform

more freely in one or two directions.

These simulations indicate that the samples used in the experiments may

not be representative of the material, and that this lack of representativity

might account for 5 to 10% of the experimental scatter for this level of fluence.

However, this effect might also be exacerbated by the two-dimensional nature
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of the simulation. Accounting for the third dimension would provide an

additional restraint which may thus reduce the numerical scatter.

6.2. Role of radiation-induced damage in the aggregates

In their experiments, Elleuch et al. measured a loss of pulse velocity of

the aggregates after exposure to neutron irradiation, which translates into

a loss of elastic stiffness. This effect is not accounted for in the previous

simulations, under the assumption that the damage in the microstructure is

driven by the very high value of the RIVE. In order to test this hypothe-

sis, we repeat the simulation of the G5 capsule (temperature 223◦C, fluence

10.12×10+19 n.cm−2) accounting for the reduction of the aggregates Young’s

modulus of the aggregate when the fluence increases. We use the bi-linear fit

of the pulse velocity data from Le Pape et al. (2015), followed by (12)-(14)

to obtain the Young’s modulus at a given fluence. The Young’s modulus of

the aggregate then varies from its initial value of 97.3 GPa to 60.8 GPa at

Φ = 1× 1019 n/cm2 and 43.0 GPa at Φ = 10× 1019 n/cm2. This significant

loss of stiffness might reduce the pressure exerted by the RIVE, and therefore

the propagation of damage in the microstructure.

The expansion and damage as a function of the time for the selected

capsule are shown in Figure 11 (bold lines), and compared to the results ob-

tained with the constant stiffness (thin lines). The reduction of the aggregate

Young’s modulus does not significantly affect the results. This is due to the

fact that most of the damage occurs early in this accelerated irradiation pro-

cess, and is dominated by the pressure the RIVE exerts on the cement paste

(proportional to Ea × εΦ). This pressure is much higher than the cement’s

strength, and the stiffness of the aggregate is not reduced enough at that
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stage to alter significantly this initial damage. At later stages, the damage in

the microstructure is so widespread that the cement paste does not restraint

the aggregate RIVE, and therefore the loss of stiffness in the aggregate does

not influence this stage as well.

This conclusion stems mainly from the brittleness of the cement, and the

homogeneity of the aggregate. It may not hold for different materials or

conditions.

6.3. Role of creep

The aluminous cement paste used by Elleuch et al. creeps at a slower

rate than an ordinary cement paste, according to the results of Hummel

(1959). Notably, short-term creep seems very low, which would indicate that

the material exhibits slow stress relaxation as well. In these conditions, and

considering the very high damage induced by the RIVE, the question of the

relevance of creep and stress relaxation is raised.

Therefore, we repeat the simulation G5 (temperature 223◦C, fluence 10.12×10+19

n.cm−2) without creep in the cement paste. All other effects (strain soft-

ening, dependence on temperature and humidity, shrinkage) are conserved.

Figure 12 shows the difference in expansion and in damage as a function of

time with creep (thin lines) and without (bold lines).

Results are almost identical to the simulations with creep, which indicate

that under this condition, creep has little effect on the irradiation-induced

damage and expansion. Two phenomena can explain this behavior: 1) The

aluminous cement paste creeps at a much slower rate than OPC. Notably,

stress relaxation does not occur until approximately 10 days after deforma-

tion. This result might not be applicable for a material with a higher creep
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rate such as OPC ; 2) The reduction of creep at low relative humidity dom-

inates the acceleration caused by the high temperature. If this is the case,

then this result might be applicable to OPC concrete and therefore to the

analysis of actual structures. Given the low sensitivity of the model to creep

for this specific material, the uncertainty on associated parameters (activa-

tion energy, drying creep, etc) is not assessed in the current work.

This absence of effect of creep on the simulated expansion and damage

is also tied to the post-peak behavior of the cement paste and the aggregate

morphology. Describing aggregate as a polyphasic material with mineral

phases expanding at different rates could change dramatically the damage

propagation in the material, which in turn would make the sample more

susceptible to creep and stress relaxation. If the cement paste is more ductile

for slower loading rates, as suggested by Bažant and Gettu (1992), then the

role of creep might be more visible, as the influence of the stress relaxation

on the damage onset and propagation in the microstructure would be higher.

This effect is highlighted in the next section. Finally, the importance of creep

might be magnified if the material were restrained or loaded at it is the case

in real structures. So, even if in this set of simulations, creep does not seem

to have any significant influence on the apparent expansion and damage, this

conclusion cannot be generalized to operating conditions of LWRs.

6.4. Role of strain softening

In the present model, we assumed that cement paste was a quasi-brittle

material with a linear softening behavior, which is consistent with quasi-

static failure experiments on concrete. However, Bažant and Gettu (1992)

found that for slow loading rates, the apparent failure behavior of concrete
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shifted from brittle failure at fast strain rates, to a more ductile behavior

at slow strain rate. The transition reported in their experiments occurs for

strain rates between 0.08 and 0.8 mm m−1 d. In the simulations, the strain

rate recorded is around 0.03 mm m−1 d, which would indicate the material is

in the ductile regime. This effect is related to the creep in the cement paste,

so it would be not as prominent with the aluminous cement that Elleuch

et al. used. This remains purely speculative though, as there are not enough

data concerning the creep or failure of aluminous cement on one hand, and

the concrete in Bažant and Gettu were tested at different ages on the other

hand, making the actual comparison difficult.

The long-term material behavior, however, might not be represented with

a softening branch, but as a pseudo-plastic material, in which damage in-

creases at constant stress. We repeated the simulation G5 (temperature

223◦C, fluence 10.12×10+19 n.cm−2) with a failure criterion in stress: Eq.

(10) used to determine when damage increases is replaced with the following

relation:

‖σ̄‖ − ft = 0 (15)

An element has therefore no strain limit, and is able to reach very large

deformations as long as its stress (accounting for current damage and stress

relaxation) remains under the material strength. All other parameters (oc-

currence of creep, dependence on temperature and humidity, shrinkage, etc)

are kept unchanged. Figure 13 shows the difference in expansion and in

damage as a function of the total fluence.

At the beginning of irradiation, the expansion follows the expansion found
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with the linear softening behavior, but the onset of damage is delayed. This

is an effect of the relaxation in the cement paste, which reduces the stresses in

the material, and therefore delays the instant at which the material reaches

its strength. The creep properties used in the present model are deemed

representative of aluminous cement paste, which creeps at a slower rate than

OPC. It is likely that with OPC, the higher stress relaxation would further

delay the onset of damage.

At the end of the irradiation, the damage and the expansion are higher

than what is found with the linear softening behavior. Furthermore, the dam-

age is more homogeneously spread over the microstructure, when the linear

softening behavior causes much more localized “cracks”. This is an effect

of the fracture energy available to the material during the damage process.

With the criterion in stress, an element is still able to bear loads for very

high strains (higher than the elastic limit of the material), and thus trans-

mit its deformation to the neighbour elements, leading them to progressive

failure. With the linear softening behavior, a fully damaged element cannot

bear loads for strain higher than its ultimate tensile strain εy,t, and there-

fore cannot restrain the deformation of the neighbour elements, limiting the

spread of damage to the non-local band of elements. This effect is consistent

with the observations of Bažant and Gettu (1992), who noticed that for fast

strain rates (linear softening behavior) the damage pattern was formed by a

network of microcracks, while for slow strain rates (stress criterion) a larger

macro-crack appears.

The pseudo-plastic material used in this section is an upper bound of

the material post-peak behavior, and thus provides an upper bound for the
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expansion and damage, while the linear softening formulation represents a

lower bound.

These simulations highlight the importance of the characterization of the

material failure behavior as a function of the loading rate. The proposed

model is strongly sensitive to the post-peak behavior of the cement paste.

From a practical perspective, failure experiments at very slow loading rates of

concretes representative of the CBS, complemented with creep and shrinkage

experiments for the same concrete and the same age, would provide calibra-

tion data for the material parameters required by the model. In absence of

these data, the model is still able to provide upper and lower bounds of the

expansion and damage by assuming a brittle or pseudo-plastic behavior.

6.5. Summary

Five different hypotheses were evaluated with the model: 1) Reference

simulation with creep, brittle failure and no additional shrinkage in the ce-

ment paste, and with constant aggregate stiffness. 2) Simulation with ad-

ditional shrinkage during irradiation. 3) Simulation with loss of aggregate

stiffness with the fluence. 4) Simulation without creep in the cement paste.

5) Simulation with a ductile failure in the cement paste to represent long-term

operational conditions.

In these simulations, only the consideration of additional shrinkage during

the irradiation phase and the ductile failure in the cement paste seemed to

have an impact on the development of the degradation. Figure 14 shows

the evolution of the concrete expansion as a function of the average damage

in the cement paste, while Figure 15 shows the damaged microstructure at

three different stages of radiation. With the brittle post-peak behavior of the
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cement paste, the damage is localized around and in-between the aggregate

particles. With the ductile post-peak behavior, the damage is more spread

through the microstructure, which leads to a higher overall damage at the

same degree of expansion. However, the onset of damage is slightly delayed,

and it can be expected that this delay would be higher for a material with a

faster stress relaxation. With additional shrinkage in the cement paste during

irradiation, the onset of damage occurs earlier because of the differential

strain between the shrinkage and the RIVE. Furthermore, there is more

damage in the material for the same apparent expansion.

This highlights the importance of the different components of the model

on the simulated results. The curves from Figure 14 can be used to develop

a macroscopic model for irradiated concrete. However, such upscaling must

be done with parameters representative of the materials used in CBS. No-

tably, these results might differ with a cement paste exhibiting a faster creep

rate. In the present model, we considered an aluminous cement paste with

a very slow creep compared to OPC, which causes the relaxation through

micro-cracking to dominate compared to the visco-elastic stress relaxation.

Furthermore, we assumed the aggregate was homogeneous in absence of rele-

vant data, but it can be suspected that the damage propagation would greatly

differ with polyphasic aggregate, as it is the case in meso-scale simulation of

ASR.

7. Conclusions

We simulated the expansion and damage propagation of concrete sub-

jected to irradiation based on the experimental procedure described by Elleuch
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et al. (1972). The parameters of the model were carefully calibrated using

regression analysis of experimental data when available. Missing parameters

were assumed based on theoretical arguments or existing data previously ac-

cepted by the research community. Backward numerical analysis was used

for parameters which are difficult to access experimentally such as the radius

of the non-local damage model or the ultimate strain at complete failure.

The RIVE of serpentine aggregate causes the development and propaga-

tion of damage around the aggregate, and across the hardened cement paste,

developing bridging cracks between the aggregates. The post-irradiation ex-

pansions derived from the simulation are well correlated with the experimen-

tal data, and the obtained damage levels are fully consistant with previous

estimations based on a micromechanical interpretation of the experimental

post-irradiation elastic properties (Le Pape et al., 2015).

The proposed modeling opens new perspectives for the interpretation of

test reactor experiments in regards to the actual operation of light water

reactors. The transposition to the environmental conditions and time scales

of these structures is not immediate and requires careful consideration, as

well as a fine characterization of the material properties.
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Ph.D. thesis. École Polytechnique Fédérale de Lausanne, n5982.

Giorla, A., Scrivener, K., Dunant, C., 2014. Finite elements in space and

time for the analysis of generalised visco-elastic materials. International

Journal for Numerical Methods in Engineering 97, 454–472.

Giorla, A., Scrivener, K., Dunant, C., 2015. Influence of visco-elasticity

on the stress development induced by alkali–silica reaction. Cement and

Concrete Research 70, 1–8.

Grasley, Z., Lange, D., 2007. Thermal dilation and internal relative humidity

of hardened cement paste. Materials and Structures 40, 311–317.

Graves, H., Le Pape, Y., Naus, D., Rashid, J., Saouma, V., Sheikh, A., Wall,

J., 2014. Expanded Material Degradation Assessment (EMDA), Volume

4: Aging of Concrete. Technical Report NUREG/CR-7153, ORNL/TM-

2011/545. U.S. Nuclear Regulatory Commission.

Hauser, O., Schenk, M., 1964. Veränderungen der Kristallstruktur einiger

Oxyde, Karbonate und Titanate durch Neutronenbestrahlung. Physica

Status Solidi B 6, 83–88.

Hilaire, A., Benboudjema, F., Darquennes, A., Berthaud, Y., Nahas, G.,

2014. Modeling basic creep in concrete at early-age under compressive and

tensile loading. Nuclear Engineering and Design 269, 222–230.

53



Hilsdorf, H., Kropp, J., Koch, H., 1978. The effects of nuclear radiation on

the mechanical properties of concrete. Special Publication of The American

Concrete Institute 55, 223–254.

Hummel, A., 1959. Vom Einfluss der Zementart, des Wasserzementverhalt-

nisses und des Belastungalters auf das Kriechen des Betons. Zement-Kalk-

Gips 5, 181–187.
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diation on properties of hardened cement paste. Materials and Structures

44, 101–107.

William, K., Xi, Y., Naus, D., 2013. A Review of the Effects of Radiation on

Microstructure and Properties of Concretes Used in Nuclear Power Plants.

Technical Report NUREG/CR-7171 ORNL/TM-2013/263. U.S. Nuclear

Regulatory Commission. Washington, DC 20555-0001.

Wittels, M., 1957. Structural behavioor of neutron irradiated quartz. Philo-

sophical Magazine 2, 1445–1461.

Wittmann, F., 1970. Einfluß des Feuchtigkeitsgehaltes auf das Kriechen des

Zementsteines. Rheologica Acta 9, 282–287.

Wittmann, F., 1973. Interaction of hardened cement paste and water. Journal

of the American ceramic society 56, 409–415.

Zinkle, S., 2012. Comprehensive Nuclear Materials. Elsevier, Amsterdam.

volume 1. chapter Radiation-Induced Effects on Microstructure. pp. 65–

98.

Zubov, V., Ivanov, A., 1966. Expansion of quartz caused by irradiation with

fast neutrons. Soviet Physics Crystallography 11, 372–374.

60



Figure 5: Average strain in concrete (solid line) and damage evolution (dashed line) for

capsule G5 (C: 223 ◦C, 10.12×10+19 n.cm−2 at E > 1.0 MeV). The microstructures show

the relative stiffness of the elements: aggregates appear in blue, cement paste in gray scale

depending on the amount of damage (black corresponds to d = 1). (a) pre-irradiation

thermal treatment, (b) irradiation test, and (c) post-irradiation cool-off.
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Figure 6: Post-irradiation (PI) expansions: (◦): experimental data; (�): PI-expansion

before cool-off period; (�): PI-expansion after cool-off period. The encapsulated numbers

correspond to the capsule number (e.g., 3 for capsule G3). Error bars: amplitude of varia-

tion between εxx and εyy. The gray-shade background corresponds to the 90% confidence

interval on the experimental data – fit assuming (Zubov and Ivanov, 1966) equation, i.e.,

Eq. (11).
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Figure 7: Post-irradiation (PI) expansions: (◦): experimental data; (�): PI-expansion

maximizing the shrinkage during irradiation; (�): PI-expansion minimizing the shrinkage

during irradiation. The encapsulated numbers correspond to the capsule number (e.g., 3

for capsule G3). Error bars: amplitude of variation between εxx and εyy. The gray-shade

background corresponds to the 90% confidence interval on the experimental data – fit

assuming (Zubov and Ivanov, 1966) equation, i.e., Eq. (11).
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Figure 8: Average strain in concrete and damage in the cement paste with additional

shrinkage during irradiation (bold lines) and without (thin lines). The microstructures

correspond to the simulation with the additional shrinkage.
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Figure 9: Post-irradiation (PI) damage in the paste: (◦): micromechanical interpretation

from experimental data (Le Pape et al., 2015); (�): damage obtained when maximizing

the shrinkage during irradiation; (�): damage obtained when minimizing the shrinkage

during irradiation. The encapsulated numbers correspond to the capsule number (e.g., 3

for capsule G3).
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Figure 10: Variability in expansion and damage with different random microstructures.

Capsule G3 (temperature 202◦C, fluence 3.32×10+19 n.cm−2).
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Figure 11: Average strain in concrete and damage in the cement paste when the stiffness

of the aggregate is reduced with the neutron fluence (bold lines) or is constant (thin lines).

The microstructures correspond to the simulated damage pattern with the reduction of

the aggregate stiffness under irradiation.
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Figure 12: Average strain in concrete and damage in the cement paste with creep (thin

lines) and without (bold lines). The microstructures correspond to the simulation without

creep.
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Figure 13: Average strain in concrete and damage in the cement paste with a ductile (bold

lines) and brittle (thin lines) post-peak behavior of the cement paste. The microstructures

correspond to the simulation with the ductile behavior.
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Figure 14: Average strain in concrete as a function of the average damage in the ce-

ment paste for the reference simulation, simulation with ductile behavior in the cement

paste, and simulation with additional shrinkage during irradiation. b→ d: brittle-ductile

transition; → s: accounting for the effect of additional shrinkage during irradiation
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Figure 15: Damage patterns for the capsule G5 (temperature 223◦C, total fluence

10.12×10+19 n.cm−2) with three different model hypotheses, at three different instant:

before irradiation (after the thermal pre-treatment phase), during the start of the irradia-

tion (Φ = 1.09×10+19 n.cm−2), and at the end of irradiation (Φ = 10.12×10+19 n.cm−2).

Aggregate is represented in blue, cement paste in level of gray depending on the value of

the damage in the element (white for d = 0, black for d = 1).
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