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ABSTRACT

This paper reports the development of a 3D mesoscale hygro-thermal-mechanical simulation approach
to predict damage in concrete irradiated in a test reactor. This framework, developed in MOOSE,
considers the effects of elevated temperature, moisture content, and high neutron fluence (energy
threshold, E > 0.1 MeV) on the mortar and aggregates separately. The first-stage simulation implements
hygro-thermal analysis to determine the temperature and RH inside the specimen as a function of
imposed radiation energy. These are used as inputs to the second stage, which considers radiation-
induced volumetric expansion (RIVE) of aggregates, and creep, shrinkage, and stress-strain response of
mortar to predict the expansion, stresses, and damage in specimens made using different coarse
aggregates and subjected to different irradiation times. The irradiation time-dependent damage in the
mortar is expressed using an isotropic damage parameter. This multi-physics model serves as a

predictive tool for damage quantification in concrete due to neutron irradiation.
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Notations

Material Properties- Aggregates

Creep model

Thermal expansion coefficient of
aggregate

Elasticity of standalone and Kelvin Voigt
spring

Volume fraction of aggregate

Constant parameter for estimating viscosity

Specific heat per unit mass of the
aggregates

Viscosity of the standalone and Kelvin Voigt
dashpot

Coefficient in Bykov equation

Material parameter in creep model

Maximum volumetric expansion observed
in irradiation experiments

Activation temperature

Radiation induced volumetric expansion
(RIVE)

Damage model

Elastic modulus of aggregate

Static elastic modulus of aggregate

Parameter to control exponential softening

Thermal conductivity

Isotropic damage index

Fast neutron fluence when expansion is

Elastic and creep strain

half of the maximum expansion

,,and

Second order stress and elastic strain
tensors, and fourth-order elasticity tensor

Pulse velocity

Fracture energy

Aggregate density

Characteristic length

Material Properties- Mortar

State variable

Thermal expansion coefficient of mortar

Initial strain at cracking

Elastic modulus of mortar

Compressive-tensile strength ratio

Linear drying shrinkage

Poisson’s ratio of mortar

Free shrinkage coefficient

Other/common parameters

Pore relative humidity

Coupled hy

ro-thermal model

Coefficient of thermal expansion and
volumetric ratio of sand in mortar.

Parameters used in the definition of ,

TEC and bulk modulus of cement paste

Specific heat per unit mass of mortar

Heat transfer coefficient

Heat capacity of free water

Humidity

Isobaric heat capacity of water

Ambient humidity

GAB model parameters

Surface humidity

Moisture capacity

Thermal strain

Moisture diffusivity

Fast neutron fluence

Diffusion coefficient of HCP

Time

Volume fraction of fine aggregate

Temperature

Moisture flux

Reference temperature

Thermal conductivity of mortar

Mortar density

Ambient temperature
Surface temperature of aggregate or
mortar

Total water content

Rate of deposited energy

Free evaporable water released into the
pores

Water-to-cement ratio

Quantity of vapor absorbed at 100%

Elastic modulus of concrete

humidity

Bulk modulus of concrete
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1 INTRODUCTION

Nuclear power plants are generally licensed in the U.S. for up to 40 years of operation [1]. These licenses
can be renewed for 20 years by the U.S. Nuclear Regulatory Commission (NRC) if there is reasonable
confidence in continued safe operation. Due to the high capital costs of nuclear power plant
construction and decommissioning, the possibility of extending the operating life of existing reactors has
been one of the leading points of discussion in the nuclear industry [2,3]. This has renewed interest in
understanding the structural integrity of the concrete biological shield and the corresponding
degradation mechanisms of concrete under prolonged exposure to neutron and gamma radiation. The
primary support structure for the reactor pressure vessel is also made of concrete and is exposed to
radiation throughout its operation. This irradiation can result in severe cracking and damage in the
concrete, potentially impacting its structural capacity and ability to perform its shielding function. It has
been reported that neutron irradiation has a significantly larger influence on tensile strength than the
compressive strength of concrete [4].

It is now well-recognized that radiation-induced volumetric expansion (RIVE) of aggregates is the
primary mechanism responsible for the degradation and consequent loss of properties of concrete
subjected to neutron radiation [3—6]. When neutrons interact with concrete, they tend to change the
lattice spacing of the interfering atoms in the crystal structure and, thus, more strongly influence the
densely packed structure in aggregates than the porous cement paste, which has a random structure
[3,7-11]. It has also been observed that siliceous aggregates are more susceptible to irradiation and
consequent metamictization (radiation-induced amorphization) than carbonate aggregates. The change
in alignment of silicate tetrahedrons that leads to the atomic bond stretching and breaking is reported
to be responsible for damage [7-13]. This is a result of covalent bonding in quartz; during neutron
collisions, covalent bonds sustain permanent deformations due to their inherent inability to
recrystallize, in contrast to ionic bonds [4,5,14-17].

Radiation impacts a multitude of complex mechanisms that need to be considered while developing
numerical models to predict radiation-induced damage in concrete. Gamma radiation is experienced in
conjunction with neutron irradiation. The gamma-ray dosages in the structural components of interest
are generally not sufficient to cause metamictization of aggregates; however, they can cause radiolysis
of water present in the hardened cement paste [5,17,18]. The gamma rays are ultimately converted to
heat in a process referred to as gamma heating and cause volume changes due to loss of water from the
specimen. The elevated temperature also likely has a healing effect that is reported to reduce RIVE [14].

The changes in temperature and moisture conditions inside the specimen influence the rate of shrinkage
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and creep [19-21]. All these factors could vary between test reactors and the actual in-service
conditions present in a light water reactors (LWRs).

Numerical models describing irradiated concrete performance are limited. One of the first models
on irradiated concrete is attributed to Pomaro et al. [22,23], who considered a thermo-hygro-radiation
model coupled with a viscoelastic-damage model on a homogenized concrete specimen. This robust
model satisfactorily represented the temperature change and damage in the specimen exposed to
radiation. This study was further extended to the mesoscale by Salomoni et al. [24]. However, both
these approaches did not account explicitly for RIVE, which could be as high as 18% for aggregates with
high quartz content [25,26]. The model also did not consider the effects of high temperature on
diffusivity, adsorption isotherm and creep, which results in a response that is different from that at
room temperature [27-29]. A micromechanical model to evaluate the role of aggregate RIVE and its
impact on damage of concrete was put forth by Le Pape et al. [30]. Giorla et al. [15] developed an
irradiated concrete 2D mesoscale model to simulate the experimental data published by Elleuch et al.
[6] in 1972. Though RIVE is considered in this model, the model does not account for thermal and
moisture transport through the specimen under irradiation conditions. Models that account for one-
dimensional thermo-radiation transport to predict the neutron fluence and temperature profile inside a
concrete biological shield wall [31], and to evaluate the material strength degradation, considering heat,
moisture and radiation transport coupled with cement hydration [32], have also been proposed.

The three-dimensional (3D) mesoscale behavioral finite element framework developed in the
MOOSE framework [33—35], implemented in this work, accounts for RIVE and carries out hygro-thermal
and mechanical simulations separately at every time step. A 3D mesoscale model is created to simulate
RIVE of elastic aggregates and the corresponding damage propagation in the paste undergoing creep,
thermal strains, and drying shrinkage. The use of a 3D model was necessitated by the fact that a 2D
model cannot capture certain geometrical effects, and could also lead to over estimation of crack-
bridging and consequently lead to premature estimation of failure in the specimen [36]. The framework
considers the effect of elevated temperature, moisture content, and high neutron fluence on the mortar
and aggregates separately. There is a dearth of information in the open literature on the properties of
concrete under irradiation. The limited tests, whenever available, correspond to different radiation
exposure and dosages, concrete mixtures, aggregate types, and curing ages, which makes accurate
simulations difficult [4,30]. However, it is well known that the mechanical properties (modulus, tensile
strength etc.) and its behavior (creep, shrinkage etc.) are highly dependent on the temperature and

moisture conditions. As we will see later in the sections, these properties can vary greatly inside the
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specimen, especially as thickness of the specimen increases. In 2017, Maruyama et al. [5] published a
detailed study, spanning eight years, on the influence of neutron and gamma irradiation and the
corresponding effects of heating and drying on concrete at the JEEP Il test reactor at Norway’s Institute
for Energy Technology. JEEP Il is well suited for concrete irradiation tests because it has low levels of
gamma heating in proportion to fast-neutron flux levels with a neutron flux of 2 x 102 n/cm?/s and
gamma heating restricted to 0.04 W/g [5]. This dataset, which to-date, is among the most
comprehensive sets of experimental results on irradiated concrete in a test reactor, is used in the
simulation exercise reported in this paper. The high neutron fluence causes metamictization and RIVE in
the aggregates that are much larger than those observed during thermal expansion or alkali-silica
reaction [5,15]. Using released-gas measurements and water-vapor sorption isotherms, the pore
humidity in the concrete is also estimated. Although the effect of irradiation on creep is not well
understood, the effects of elevated temperature and humidity on creep are well known and are
considered in the present framework. We have carried out the simulations in two stages. In Stage 1,
coupled hygro-thermal analysis [37-39] is carried out to ascertain the temperature and humidity
conditions inside the specimen under irradiation. The temperature and humidity profiles from these
simulations form the inputs for Stage 2 simulations, where these fields are used to compute the strains
and corresponding stresses and damage in the specimen. The framework presented here acts as a
predictive tool to determine the microscale damage and macroscale expansion in concrete due to

neutron irradiation and can be extended to calculate the overall structural deterioration.

2 SIMULATION APPROACH

A two-stage simulation approach is used in this work as shown in Figure 1 [40]. Stage 1 consists of a
coupled hygro-thermal model [37-39] to compute the temperature and relative humidity (RH) fields,
which, together with the radiation field, form the input for Stage 2 simulations that consists of stress
analysis and damage. The applied temperature, and moisture contents and pore RH profiles are
calculated based on the energy deposited during irradiation in Stage 1. These fields are then applied to
estimate creep, shrinkage and thermal strains on the mortar and RIVE on the aggregates in Stage 2,
which are then converted to stress fields using the appropriate constitutive law. Even with such a
comprehensive experimental data set as reported in [5], there are gaps that necessitate approximations
or the use of models pertaining to non-irradiated concrete to provide reasonably accurate inputs to the

simulations. They are explained wherever appropriate in this paper.
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2.1 Experimental Inputs to Simulations from Maruyama et al. [5]

This section provides a brief summary of the experiments carried out by Maruyama et al. [5] to evaluate
the reference values for fast-neutron fluence and gamma-ray dosage beyond which concrete is no
longer considered structurally sound. Presently, these values are taken as 1 x 10%° n/cm? and 2 x 10° kGy
respectively, based on the experimental studies on irradiated concrete by Hilsdorf et al. [41]. In a
neutron-irradiation environment, secondary gamma rays are always present, which cause gamma
heating. Thus, tests were carried out to ascertain the effect of neutrons, which were supplemented with
tests to ascertain the effects of gamma rays on heating and drying of concrete. Two tests called
interaction tests (IT) and physical-property tests (PPT) were carried out in [5]. The former deals with
radiolysis of water in the hardened cement paste while the latter deals with changes in the properties
such as Young’s modulus and strength of the concrete, paste, and aggregate. PPTs also included heating

and drying of specimens not exposed to radiation, to isolate the effects of other factors.

Input Input
- Deposited Energy - Fluence
- Temperature
- Relative Humidity
Hygrothermal *
Analysis I*

Mechanical Analysis

Output *
- Temperature Output
- Relative Humidity - Macro expansion
- Micro damage
Stage 1 Stage 2

Figure 1: Meso-structural finite element (FE) framework to simulate damage in concrete subjected to
neutron radiation. The meso structure and mesh generation for the current work is elaborated in
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Section 2.2 while the constitutive model for Stage 1 and Stage 2 analysis along with the boundary

conditions are elaborated later in Sections 2.3, 2.4 and 2.5 respectively.

In the experiments reported in [5], cylindrical concrete specimens 40 mm in diameter and 60 mm
long, consisting of 5-13 mm sized coarse aggregates were used. The small diameter was required to
reduce the confounding effects of gamma heating and a wider internal-temperature distribution. The
samples for irradiation were placed in a double-tube aluminum capsule and loaded into the JEEP II
Reactor. Several samples were placed simultaneously in the same capsule. The capsules were outfitted
with fluence-monitoring wires, a gamma thermometer, and thermocouples. High early-strength cement
with a water-to-cement ratio (w/c) of 0.50 was used to avoid the effects of hydration-induced strength
development after the preparation period of one year during which the concrete and paste specimens
were kept in a sealed condition at 20°C. The cement paste specimens were then dried at 75°C in the
thermostatic chamber for 1 week. To evaluate the expansion level of aggregates containing a-quartz,
irradiation tests were performed with five kinds of siliceous rocks (labeled as GA, GB, GC, GD, and GE in
the order of decreasing quartz content; GA was an altered tuff with the highest quartz content and GE, a

felsic sandstone).

Four concrete specimens (labeled CON-A) made using GA aggregate and four specimens (labeled
CON-B) made using GB aggregate were used for the irradiation experiments. The concrete specimens
were prepared using a w/c of 0.50, a cement content of 350-360 kg/m? and coarse- and fine-aggregate
contents of approximately 1000 and 800 kg/m3 respectively. Thus, the only major difference in the
concretes used in the experiments (which are simulated in this paper) is the aggregate type. In addition,
six cement paste specimens (10 mm diameter x 10 mm long) and six aggregate specimens (10mm
diameter x 10 mm long) belonging to each type were also irradiated by placing them in the capsules in
the irradiation chamber. The specimens were irradiated simultaneously at four levels of initial target
neutron fluence - i.e., 0.75, 1.5, 3 and 10 (x 10'°n/cm? with E > 0.1 MeV) at a dosage of approximately
3.6 x 10'? n/cm?/s. The aforementioned levels of neutron fluence were achieved in approximately 30,
50, 155 and 320 days respectively, and are referred to as PPT-B, PPT-C, PPT-D, and PPT-E [5]. The
number of days required to achieve the same fluence level varied slightly over the different
experiments. The downside of a very high fluence level was that the results for PPT-E are not reliable as
the specimen expanded more than expected, causing the fracture of the capsule holding the specimens
and flooding by cooling water. Hence, the experimental results up to 155 days of irradiation (PPT-D) will

only be considered reliable here. Table 1 summarizes the key experimental observations based on this
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detailed study.

Table 1: Summary of experimental results by Maruyama et al. [5]

Neutron Irradiation Test

PPT- Concrete (Specimens irradiated with four level of neutron fluence 0.75, 1.5, 3 and 6 (x
10%n/cm?))

Length change Greater for Con-A (1% at highest fluence) than Con-B (0.5% at highest fluence) due
to the higher amount of quartz in CON-A.

Strength 45% and 35% reduction in strength for CON-A and CON-B respectively.

Elastic modulus  70% and 60% reduction in elastic modulus for CON-A and CON-B respectively.

Cold Test- Concrete (not exposed to radiation; used for basic material properties)

Compressive Observed to be constant at 70 MPa after 0, 50, 155 and 1000 days at 20°C beyond

Strength the sealed curing duration of one year for both concrete types. The 28-day
compressive strength was 50 MPa.

Young's 35 GPa after 0, 50 and 155 days beyond the sealed curing duration of one year for

Modulus both concrete types.

Heating Test- Concrete (Specimens heated at average and maximum temperatures as observed
during PPT tests. Specimens not exposed to radiation; used for basic material properties)

Shrinkage Approximately 500 pe at the end of 155 days.
Strength ~ 15% reduction in strength at the end of 155 days.
Modulus ~ 20% reduction in modulus at the end of 155 days.

IT-Cement paste (Specimens with varying curing conditions exposed to neutron radiation for
approximately 2 months)

Water Released  Specimens cured at saturated conditions released a significant amount moisture
while specimens treated at 70° and 120° C before irradiation released no water.

PPT-Cement paste

Length change Initially, the specimens absorbed moisture and exhibited swelling; however, starts
shrinking at higher fluence. Data is unreliable.

Vickers Increased with fluence, indicating cement paste has high resistance against

Hardness radiation.

PPT-Aggregates

Volume change 5% and 13% change in volume for GA while 3% and 9 % change in volume for GB at
the end of 155 and 320 days, respectively.

XRD data Diffraction peaks grew smaller and shifted to the small angle region with
increasing fluence, indicating structural collapse and widened atomic spacing.

2.2 Mesostructure and Mesh Generation
The 3D mesostructure for finite element simulations was generated based on the particle-size
distribution (PSD) of the coarse aggregates used in the experimental work. A Lubachevsky-Stillinger
algorithm is used to create the virtual mesostructure [42]. A cubical representative volume element
(RVE) is first created in which hard particles are randomly distributed without allowing for particle

overlapping. The particles are given random initial velocities and zero initial radius. An iterative
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procedure is employed by which the particles collide, change position, and grow in the bounding box.
The radius of any particle in the next event depends upon the growth rate which is set to match the
actual PSD. A cylindrical specimen was then extracted from the cubical RVE. This will avoid wall effect in
the simulations and thus does not account for the excessive cracking at the surface as was seen in the
experiments (e.g., shown in [5]). Although surface cracking is undesirable, it is unlikely to have a major
effect on the determination of homogenized damage (or homogenized elastic modulus) and the
expansion of the concrete specimen, which are sought as validation parameters in this paper. Only two
sizes of aggregates were used (i.e., 10 and 5 mm) in the simulations. The positions of the aggregates are
kept the same from one simulation to another to avoid random scatter in the simulation results. A
geometry adaptive meshing scheme [43] was implemented to generate 378,589 four-noded tetrahedral
elements. This meshing technique adaptively controls the mesh size based on the local geometry. For
example, a high-curvature region (e.g., around a particle) will have a finer mesh size when compared to
a region with low curvature. A coarse-aggregate volume fraction of 0.32 was achieved using this
method, compared to the value of 0.38 used in the experiments, as many smaller-sized aggregates were

neglected. The finite element model and mesh are shown in Figure 2.

(a) (b)
Figure 2: (a) Finite element model, and (b) geometry adaptive mesh used in the analysis. Note the
refinement of the mesh around the aggregate-mortar interface. The model has 68,945 nodes and

378,589 four-noded tetrahedral elements.

2.3 Material Models for Stage 1 Analysis

This section describes the constitutive model used for Stage 1 analysis that computes the temperature

and humidity conditions inside the specimen during irradiation. A schematic representation of the
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simulation is shown in Figure 3. It is well known that the coarse aggregates do not shrink and creep as
much as mortar. The maximum free linear shrinkage of aggregates GA and GB were approximately 50
pm/m and 300 um/m [5]. This corresponds to a maximum volumetric shrinkage of 150 and 900 um/m.
This is more than two orders of magnitude smaller than the RIVE. Hence, the creep and shrinkage
associated with aggregates are ignored (even though aggregates show some volume change) in the
Stage 2 analysis, along with the moisture transport in the aggregates. However, temperature influences
the RIVE of the aggregates and their thermal expansion, and thus the temperature rise in the aggregates
due to irradiation is computed. The governing constitutive equations for the aggregates and mortar are

described in the following sections.

Boundary Condition Constitutive Law/Loading Output
- - Temperature rise due 1o Temperature
VI=0VH=0 heat capacity of e
e * Mortar/Aggregate 7
L } *  Watermmortar u Bou 1693
. - -1 lated Ildﬂv
' | —KVT % s62
| @t ~nh-T ~ bestConducion e |
j . conducthity of 60.0
E .. \: (H.! = Hw) _’ . md‘w
- DEFDG L] Water movement Pore Relative
v .~\I fted i rtal Humidity
l E anergy over “~ In morar o
AT S the volume .
X v VIr=0,VH=0 Moisture flow in mortar -0.50
*  Moisture gradient I-us
+ Temperature gradient oo

Figure 3: Schematic representation of constitutive law for hygrothermal analysis

2.3.1 Aggregate
Aggregates are assumed to conduct heat but are considered not to facilitate moisture transfer. The

governing equation is given by the first law of thermodynamics (i.e., conservation of energy) as:

where is the temperature, is the aggregate density, and is the specific heat (per unit mass) of the
aggregates. represents the rate of heat supplied by thermal conduction, where is the thermal

conductivity of the aggregate, and is the deposited energy.

2.3.2 Mortar
It is difficult to estimate the humidity in the specimen during irradiation as no pore humidity

measurements were carried out in the tests reported by [5], and no empirical models are currently
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available. However, the effect of high temperature and its influence on humidity are considered in this
study through a coupled moisture and heat-transfer model [37—-39]. This model accounts for energy and
mass balance in a capillary porous solid. Using energy equivalence, the heat equation was modified and

is stated as [37]:

represents the heat consumed due to the change in temperature per unit volume per unit time, with
being the density, the specific heat (per unit mass) of the mortar, and the temperature. represents
rate of heat supplied by thermal conduction where is the thermal conductivity of the mortar.
represents the convective heat transport due to water movement, with being the isobaric heat capacity
of water ( is the temperature in °C), and is the moisture flux. represents the heat flow due to
adsorption of free water. represents the volumetric heat source. The thermal capacity and conductivity
of mortar are assumed to be constant as these do not change appreciably below 100°C [44]. Using mass

equivalence, the governing equation for moisture diffusion in mortar is given by,

where is the total water content, is the pore RH, is the moisture diffusivity, and is the total mass of
free evaporable water released into the pores by dehydration of the cement paste. Both moisture
capacity, and moisture diffusivity, depend on which makes this equation highly nonlinear. is ignored in
this simulation as it was observed that only 1-2% of chemically bound water was released in IT
experiments reported in [5]. This is not surprising given the temperatures registered within the
specimens (60-72°C). The moisture diffusivity is a complex function of temperature, RH, and the pore
structure of the material. There are indeed various diffusion mechanisms taking place simultaneously
due to the different sizes of the pores in the hydrated cement paste. Kunzel [45] proposed a diffusion
model that combined pressure-difference induced water-vapor diffusion, liquid-water diffusion through
micropores and capillary pores, and moisture diffusion due to the gradient in RH in larger pores. Most
models for cementitious materials, however, being empirical in nature, do not explicitly account for the
different diffusion mechanisms, and tend to reproduce the overall trend. This includes the use of an S-
shaped curve [46] and an exponential curve [47] that describe the diffusion coefficient in terms of RH in
the pores. The S-shaped Bazant and Najjar model [46] was later expanded to include the effect of
temperature [38] and w/c [27,28], and is used in the current work. These relationships which were
developed for cement paste, are upscaled for mortar to include the effect of sand particles by

multiplying with a function of the volume fraction of fine aggregate as suggested in [48].
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where is the diffusion coefficient of the paste that depends on pore RH and w/c and is given as [27]:

where

is a function that upscales the diffusion coefficient of cement paste to mortar using the volume fraction

of fine aggregate,

and are functions that depend on temperature and are given as:

and

where is the reference temperature. It should be noted that the effect of radiation on the diffusion
coefficient is not considered due to the absence of data.

The moisture capacity, can be considered to be constant if the RHlies between 0.2 and 1.0, and the
temperature is around ~20°C [49]. This parameter can be obtained from experimental or empirical
desorption isotherms. Multiple studies characterize the water-vapor sorption isotherms for
cementitious materials [50-55]; however most of these studies are carried out at room temperature. A
few studies that demonstrate the effect of temperature on cementitious materials conclude that
temperature modifies the sorption isotherms as a lesser amount of water is adsorbed at equilibrium at
higher temperature [56]. It is also reported that higher temperature modifies the first desorption for the
concrete significantly; and thus, it should be considered in the simulations [50,56]. Many adsorption
models are available in the literature. Among them, the GAB model [27,57-59] can be used for
cementitious materials as it best fits the sorption isotherm over the whole range of RH. It is a three-

parameter model and is given as:

where and are the quantities of water vapor absorbed (g/g of dried cement paste) at 100% RH and at

any other humidity level, respectively. are the three parameters of the GAB model. is the mass of

adsorbate required to cover the adsorbent with a single molecular layer. and are empirical constants.
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This equation was fitted using experimental desorption isotherm of cement paste data with a w/c of

0.45 at temperatures ranging from 23°-80°C [50], and the following relations were obtained for the

three parameters:

The samples used in the experiments in [50] were 170 days old, indicating that they were sufficiently
hydrated and can be compared to the hydration levels of the irradiated specimens simulated here.
Moreover, a modest increase of w/c ratio from 0.45 to 0.50 (as used in the irradiated specimens) is likely
to only cause a negligible change in the slope of the desorption isotherm [50]; hence, the fitted
equations can be used directly in our simulations. The fitted results using Equation 12 and the

comparison with the experimental results are shown in Figure 4.

0.3 '] I '] I '] l '] l ']

A  ADesorption at 23°C

O ODesorption at 40°C i_

® @®@Desorption at 60°C )

+ -+Desorption at 80°c‘4

- = = Fitted a0 44
L]

o
o
|

Water content
w (g/g)
e
L L

1) 04 0.8
Humidity
Figure 4: Influence of temperature on water vapor desorption isotherms and its comparison with
experimental results for cement paste with a w/c of 0.45.

2.4 Material Models for Stage 2 Analysis

This section describes the constitutive relationships for the Stage 2 stress and damage analysis. The
parameters used to describe the governing equation are presented in the form of rheological models in
Figure 5. These parameters depend on the temperature and RH (obtained from Stage 1), and on neutron

fluence. Neutron fluence is obtained by assuming a constant flux across the depth of the specimen.
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Figure 5: Schematic representation of constitutive law for mechanical analysis

2.4.1 Aggregate
Aggregate is treated as a linear elastic material undergoing RIVE and damage (resulting in stiffness
reduction) due to neutron impingement. The aggregate properties, including RIVE, are assumed to be

homogeneous.

2.4.1.1 RIVE of aggregates

It is considered that RIVE of aggregates results in initiation and propagation of damage in the cement
paste due to its low tensile capacity. RIVE is noted to result in significant dimensional changes, even
higher than those observed for alkali-silica reaction (ASR) [3,4]. Aggregates with covalent bonds (e.g.,
siliceous aggregates) are more susceptible to RIVE than aggregates with ionic bonds (e.g., limestone).
Quartz, which is present in aggregates, is more susceptible to amorphization and consequent volumetric
change and loss of elastic properties; however, other minerals, texture, and grain boundaries also
influence the rate of expansion [5]. The reduction of stiffness occurs due to the complex assemblages of
different minerals in the aggregates undergoing differential shrinkage with fluence. This differential
shrinkage induces lattice change, void creation, and cracking between minerals, and leads to the
reduction of macroscopic Young’s modulus of aggregates. In the experimental studies reported in [5], no
measurements of elastic modulus loss of aggregates were carried out as a function of neutron
irradiation. There are no directly available data on the loss of modulus with the increase in radiation
fluence (E > 0.1 MeV) for these aggregates. As a result, these need to be deduced indirectly from
available literature. A recent micromechanical investigation on irradiated aggregates with different SiO,
contents found that the formation of extra voids/defects or cracks can contribute substantially to the

RIVE than individual mineral expansion [60]. This study also reported that the relative loss of modulus is
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more significant in aggregates with higher silica content at comparable RIVE levels, and classifies
aggregates into three groups based on their silica content: high silica content: > 65%, intermediate silica
content: between 20% and 65%, and low silica content: < 20%. The aggregates GA and GB belong to the
high and intermediate silica content groups respectively. The loss of elastic modulus for these groups

are expressed in terms of RIVE as:

where and are the damaged and undamaged static elastic modulus of the aggregate, is the radiation
induced volumetric strain, and is a factor, equal to 47.1 for GA (high silica content) and 53.1 for GB
(intermediate silica content) aggregates. The relative modulus loss range as a function of RIVE is quite
large as shown in Figures 6(a) and 6(b) for the two aggregate groups, because of the wide range of silica

contents.

Relative Modulus
loss
Relative Modulus

RIVE (%) RIVE (%)
(a) (b)

Figure 6: Relative modulus loss with RIVE (reproduced from [60]) for aggregates with: (a) SiO, content
> 65% (corresponding to GA aggregates) and (b) SiO, content between 20% and 65% (corresponding
to GB aggregates).

It is to be noted that temperature also affects the degree of quartz metamictization [14]. It was
determined that the expansion decreases with increasing temperature, indicating that thermal heating
has the capability to heal the damage in the aggregates. The thermal-healing effect is incorporated as

reported in [14], and RIVE is expressed using the nucleation and growth model [4,5,61] as:

where is the maximum volumetric expansion observed in the experiments, is the fast neutron fluence

(E > 0.1MeV), is the fast neutron fluence when expansion approaches half the maximum volumetric
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expansion, is the temperature, and is the dimensional coefficient based on past data on amorphization

of aggregates, which ranges between 2 and 5. is given as shown in Equation 18 [5].

It should be mentioned that nucleation and growth model is only suitable for individual minerals
and not for polycrystalline assemblages. The use of this model for aggregate GA is justified by the fact
that GA has 97% quartz, and it is assumed that only quartz expands. For aggregate GB, we have fitted
this model to the experimental data available. For such polycrystalline assemblage, a micromechanical
evaluation could be carried out to assess the expansion using individual grains, their expansion and
overall void generation in the assemblage due to differential expansion as reported in [60].

Thermal deformation, which is expected to be negligible in comparison to RIVE, is ignored in the
simulations where irradiation is considered; however, it is accounted for in the cases where only thermal
heating occurs. Moreover, elevated temperature has been reported to cause healing and thus reduces

the impact of RIVE [14].

2.4.1.2 Thermal expansion of aggregates
It is well known that thermal deformation is related to the applied temperature using the coefficient of

thermal expansion, as:

where is the thermal strain, and and are the applied temperature and the reference temperature,
respectively. This is considered for cases where only thermal heating occurs. Note that heating tests and
cold tests were also carried out by Maruyama et al. [5] to isolate factors other than neutron irradiation

that cause physical changes in the properties of aggregates.

2.4.2 Mortar

Mortar has been modeled as an elastic material undergoing stiffness degradation, drying shrinkage,
thermal expansion and creep owing to the elevated temperature. Since the mortar consists of the
cement paste and sand, the properties of mortar are homogenized based on those of the constituent

phases.

2.4.2.1 Creep of mortar
There is not much data in the open literature about the effect of irradiation on the creep of concrete.
Based on experiments, McDowall [62] concluded that creep is reduced under gamma irradiation while

shrinkage is increased. The specimens used in the experiments that are simulated in this work were
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sealed in copper foils, and radiolytic gas was allowed through a gas bubbler filled with water. Thus,
limited moisture transport occurred through the venting gas, and it can be safely assumed that the
creep and shrinkage kinetics are primarily due to gamma ray exposure. However in another study [63],
cement paste grout specimens were exposed to neutron and gamma radiation and it was observed that
creep kinetics increased by an order of magnitude compared to creep of specimens at similar
temperatures, thus contradicting McDowall’s [62] observations. Due to the limited and contradictory
data, the effect of irradiation on creep is ignored in the present simulations. This approximation is
necessitated by the fact that very little understanding exists on how irradiation affects concrete creep
and shrinkage. However, the effect of humidity and temperature are considered here since creep is well
known to be dependent on these parameters [20]. Burgers’ model is employed to describe the
constitutive behavior of mortar. Burgers’ model, shown in Figure 5, consists of a spring (spring elasticity,
), a single Kelvin-Voigt chain (spring elasticity, dashpot viscosity ), and an additional dashpot (viscosity
This is used to model the elastic response, the short term (recoverable) and long term (non-recoverable)
creep as explained elsewhere [15]. The long term (non-recoverable) creep response of cementitious
materials varies logarithmically with time, which is modeled by introducing time-dependence in the

viscosity of the standalone dashpot [15,64,65].

where is a material parameter that dictates when the material enters the long-term creep region. The
effect of elevated temperature on creep is considered using the Arrhenius law, such that the creep is
accelerated at higher temperature. It is assumed that elevated temperature increases both the
recoverable and non-recoverable creep such that the viscosities of both the dashpots are given as

[20,64]:

where is the activation temperature for creep (5000 K [64]). Arrhenius law is also applied to the
material parameter [15].

Creep in concrete also depends on the moisture content and it has been observed that it reduces
under low RH [66]. This phenomenon is reproduced by expressing the elasticity of Kelvin-Voigt unit and

non-recoverable viscosity of dashpot as [15,67]:

where is taken as 0.2 [15]. Also, since both recoverable and non-recoverable creep has its origins in C-S-

H layers, their viscosities are considered the same, and its value is taken as 40 GPa-days [15].
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2.4.2.2 Thermal expansion of mortar
The thermal expansion of mortar is determined based on the applied temperature and the coefficient of
thermal expansion of mortar (, using an equation similar to Equation 19. is usually larger than that of the

aggregates, and depends on the moisture content in the pores and equilibrium RH [68,69].
2.4.2.3 RIVE of sand particles and drying shrinkage of cement paste

As concrete dries, the pore RH decreases, which causes the cement paste to shrink. The RIVE of quartz-
sand particles present in the mortar is considered to limit the shrinkage of the cement paste. This
approximation is necessitated by the fact that only larger aggregates are considered in the mesoscale
simulations, as described earlier. Thus, the influence of RIVE of sand is adjusted in the drying shrinkage
of the paste, and thus a net deformation is considered. The linear drying shrinkage of cement pastes can
be directly related to the pore water content or the internal pore RH of the specimen, as shown in

Equation 23 [19,70].

where is the free shrinkage coefficient (equal to maximum shrinkage of the cement paste).
Experimental results have shown that the free shrinkage coefficient is dependent upon the temperature
and its value decreases at higher temperature [71]. The shrinkage is largely dependent upon the
moisture content in the cement paste; however higher temperature results in smaller drying shrinkage
(consequently lower free shrinkage coefficient ). At lower moisture contents (< 0.08 g/g-dried paste),
the shrinkage strain is dependent on the incremental loss of moisture and not the absolute moisture
present as the evaporable water content is higher at lower temperature. This indicates that some part of
evaporable water content does not contribute towards the shrinkage strain, resulting in a lower
shrinkage strain at higher temperatures. This was also reflected in the experiments reported in [71]. This
phenomenon is attributed to the microstructure reorganization at elevated temperatures. The C-S-H
agglomerates likely densifies on account of elevated temperature creating larger gel pores, which does
not contribute substantially to irreversible shrinkage.

The RIVE of the sand particles is calculated using Equation 17. The phase composition of sand was
similar to that of the GB aggregate; hence, the properties of GB aggregate are used when computing the

RIVE of sand. The net computed volumetric strain imposed on the mortar is then given as:
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is the volume fraction of sand. The RIVE of sand particles can be taken to follow the pattern of that of
the coarse aggregates (Equation 17), and the multiplication by 3 is to convert the linear strain into its
equivalent volumetric strain component. The RIVE of sand particles might cause damage in the
surrounding paste, but this has not been considered in the current simulation because of difficulties in

simulating very small particles.

2.4.2.4 Stress-strain response

Mortar is treated as a quasi-brittle material. The mechanism of failure and the fracture energy are highly
sensitive to the rate of application of load, temperature, and RH [72]. At lower rates of loading, creep
occurs in the fracture-process zone, releasing built-up energy. This has also been shown experimentally
in [73]. It can be assumed that, in the irradiation environment, the crack growth will be slower than that
under mechanical loading, due to the slow expansion of aggregates. An isotropic damage model is used
here because of the capability to simulate the damage response by specifying the softening function. It
is widely known that softening models can result in significant mesh sensitivity in the results. The use of
a softening model that is dependent on element size and fracture energy minimizes this issue. The stress

in an isotropic damage model is given as [74,75]:

where, , and are the second-order stress and elastic-strain tensors, and a fourth-order elasticity tensor,
respectively. is the state variable that captures the strain history, denoted as the equivalent strain, and
is the isotropic damage index. Damage initiates when the Rankine criterion (maximum strength greater
than the tensile strength) is met, and evolves when the equivalent strain (which is a function of
component of strain tensor) with increasing or remaining constant. For a one-dimensional (1D) case,

the equivalent strain is equal to the maximum principal strain. For a 3D case, is given as [75,76]:

where and are the Poisson’s ratio and compressive-tensile strength ratio, respectively. and are the first
and second invariants of elastic strain. Once damage initiates, the stress is assumed to decay

exponentially with an increase in strain (exponential softening) given as:
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where is the equivalent strain at which cracking begins. The parameter controls the exponential

softening slope and depends on the fracture energy as:

where is the characteristic length associated with each element and depends on the element type and
its size. This formulation ensures that for a given localized crack, fracture energy released is independent

of the mesh size, and avoids vanishing energy dissipation as the mesh size is reduced.

2.5 Boundary Conditions

Finite element models with boundary conditions for both the stages of simulation were shown in Figure
3 and Figure 5. For Stage 1, convective boundary conditions were applied on the sides for the exchange
of heat with the surroundings while Dirichlet boundary conditions were assumed for the mortar for

exchange of moisture with the surroundings. These conditions are given as:

where is the thermal conductivity of the aggregate or mortar, is the heat transfer coefficient, and are
the surface and ambient temperatures, and and are the surface and ambient humidities respectively. It
is assumed that no exchange of heat and moisture takes place from the top and bottom of the
specimen. In the actual experiment, nine specimens were stacked one over the other, in the capsule.
Hence, moisture or heat loss could occur only from the sides of the specimen.

For Stage 2, all the nodes on the bottom surface are fixed in the Z direction. Two nodes on the X and
Y axes are fixed in the Y-direction and X-direction, respectively. This constrains the specimen against
motion in all the six rigid body models. The change in length is measured by measuring the displacement

of the nodes on the top surface.

3 FINITE ELEMENT IMPLEMENTATION AND SIMULATION RESULTS

The Agave high-performance computing cluster at Arizona State University was employed to carry
out the simulations using a single node with 28 cores and 128 GB RAM. It took approximately 1 hour and
48 hours wall clock time, respectively, to complete Stage 1 and 2 analyses. An algorithm, based on the

formulation described above was implemented based on the MOOSE framework, an open-source object
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oriented finite element analysis toolkit developed by the Idaho National Laboratory (INL) [33] that

solves large coupled systems of equations simultaneously [33,34]. MOOSE can utilize several
approaches, including the Jacobian free Newton Krylov (JFNK) technique to solve these equation
systems. MOOSE has a modular architecture that allows for additional physics models to be readily
implemented using multiple types of pluggable modules for various portions of the model. For example,
the modules called kernels in MOOSE represent the individual terms of the weak form of the governing
partial differential equation. Boundary conditions are terms in the weak form that act on boundaries.
Material objects represent the different material behavior (elasticity, plasticity, cracking) and are used
to store the material properties (elastic modulus, humidity, diffusivity etc.) that can be used by kernels,
boundary conditions, and material objects, themselves. This pluggable object-oriented system allows
code reusability and enables easier addition of new capabilities. This framework lends itself well to
solving the coupled physics models involved in concrete degradation. More details of MOOSE can be
found in [33-35].

The current formulation uses a one-step finite-difference scheme to estimate the viscoelastic effects
along with linear isotropic damage based on fracture energy to simulate the effect of cracking. In this
implementation, the inelastic strain is computed first, using the creep model described above. The
effective stress based on the net elastic strain is computed next. The effect of damage is then
considered using the computed damage index as shown in Equation 25. The numerical implementation
of the creep models are explained in detail in [77] while the damage algorithm can be found in [75]. The
implementation of the coupled temperature and humidity model is described in [78]. The input
parameters are described next followed by the simulations results.

3.1 Input Parameters

3.1.1 Aggregates

The dynamic moduli of aggregates GA and GB used in CON-A and CON-B, respectively, in the
experiments are given as 65 and 81 GPa respectively [5]. GA is altered tuff crush aggregate while GB is
felsic sandstone gravel (Table 9 of [5]). According to the information presented in [5], C-G4 is an altered
tuff aggregate and C-G5 is a felsic sandstone. C-G5 is equivalent to aggregate GD in the experiments [5],
but it has a similar phase composition as aggregate GB, as noted from Table 12 of [5], and hence an
elastic modulus of 81 GPa, reported in [5] is used. Similarly, CG-4, which is similar to aggregate GA, has a
modulus of 65 GPa. The static modulus is observed to be lower than the dynamic modulus by about 10%
[5]. Thus, in the simulations, the dynamic modulus values are reduced by 10% to estimate the static

modulus values (58.5 and 72.9 GPa, respectively). Poisson’s ratio is estimated from dynamic
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measurements (Figure 100 in [5]); values of 0.28 and 0.25 are used respectively for the GA and GB
aggregates. The degradation of modulus with neutron fluence is determined in accordance with
Equation 16 and Equation 17 and shown in Figure 7(a). Equation 16 was developed by normalizing the
data provided by Denisov et al. [25] for an energy threshold 10 keV; hence the fluence was normalized
to 0.1 MeV using a factor of 1.6, (the ratio of fluence at an energy of 10 keV to that of 0.1 MeV in JEEP-II
reactor) when computing the Young’s modulus reduction with neutron fluence as shown in Figure 7(a).
The coefficient of thermal expansion is related to the amount of quartz in the material [5] (GA and GB

has 92 and 47% quartz respectively) using the following equation [5]:

where is the amount of quartz (in %) in the aggregate, and is the coefficient of thermal expansion (u/
°C). Values of 9.5 um/m/ °C and 6.9 um/m/ °C are obtained as the thermal expansion coefficients for
aggregates GA and GB. For estimating RIVE, the maximum volumetric expansion is taken as 0.18 and
0.13 for GA and GB aggregates respectively, as reported in [5]. The dimensional coefficient d’ is taken as

2.38 based on data provided in [4].
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Figure 7: Variation of (a) Young’s modulus, and (b) RIVE as a function of neutron fluence, for GA and
GB aggregates.

3.1.2 Mortar

Mortar undergoes drying shrinkage and creep owing to the high temperature (T~70°C) and RIVE due to
the presence of quartz sand in the mortar. The Poisson’s ratio of the mortar is taken as 0.20. The
Young’s modulus of the mortar is influenced by temperature and RH. It has been shown that the
modulus of high early-strength cementitious paste mixture is fairly constant at temperatures up to 90°C

[79]. The modulus of mortar was back-calculated to be 24 GPa based on a self-consistent
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homogenization scheme [80]. The thermal expansion coefficient of mortar was calculated by upscaling

the thermal expansion coefficient of cement paste using Levin’s theorem for a two-phase composite

which is given as:

, and are the bulk modulus of paste, sand and concrete, and and are the thermal expansion
coefficients of paste (20 x 10/ °C [81] for fully saturated condition) and sand (6.95 x 10/ °C, which is
similar to that of aggregate GB [5]). The coefficient of thermal expansion of the mortar (in saturated
state) is determined as 12.2 x 10/ °C. The variation in thermal expansion coefficient of paste with

relative humidity (RH) is given in [69], and represented in Figure 8.

124
o

N
o
|

I

N
o
|

I

N
B
|

I

Thermal Expansion
Coefficent of paste (um/m/C)

N
o

N
N
|

I

0.4 0.8
Relative humidity
Figure 8: Variation of thermal expansion coefficient of the paste with the temperature based on [69].

2.4.2.3 RIVE of sand particles and drying shrinkage of cement paste

The tensile strength of the mortar essentially remains constant if the mortar (or concrete) is
subjected to long-term heating at temperatures between 40 and 90°C [5,79]. At 70°C, which is the
temperature of the irradiated concrete, the tensile strength of mortar is taken as 5 MPa [82], which is
par for the type of mortar based on the cement content and w/c. In the experiments that formed the
basis for the simulations, the specimens were cured for one year at 40% RH, and then treated at
elevated temperatures for 3 months. The numerical simulations on irradiated concrete shows that the
humidity reaches 60% inside the specimen and the temperature is 60-70°C. It should be noted that the
strength of the cement paste specimens increases during radiation as observed indirectly by the
increased Vickers’ hardness value [5]. It is not clear at this stage how irradiation influences the tensile
strength of mortar; hence variable tensile strengths are not considered. The fracture energy also is

dependent on temperature. However, no such measurements are reported. As a result, the fracture
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energy was calibrated based on the observed damage and expansion value of the mortar to be
approximately 100 N-m/m?2. This is in the range of fracture energy obtained for normal strength mortars
at temperature around 70-100°C [83,84]. The material properties and their values used in the finite

element simulations are shown in Table 2.

Table 2: Input parameters used in the simulations. The reasons for the use parameters are explained in
the appropriate sections. The multiple values reported for aggregates are for GA and GB.

Variable Value Units Variable | Value Units
Aggregates Mortar
9.5,6.9 pum/m/°C 12.2 um/m/°C
0.38 - 0.9 l/kg/°C
1100 J/kg/°C 1100 l/kg/°C
2.38 - -4000 um/m
0.18,0.13 - 24 GPa
58.5,72.9 GPa 5 MPa
3 W/m/°C 100 N-m/m?
0.28,0.25 - 0.2 --
2600 kg/m?3 3 W/m/°C
Concrete 0.2 --
6.9 pum/m/°C 40 GPa-days
200 W/m?/°C 40 GPa-days
211 ki/m3/s 2231 kg/m3
50 °C 2 days
20 °C 5000 K
0.4 - 50 °C
14 - 0.5 -

3.2 Numerical Simulation Results

3.2.1 Stage 1 Analysis

A coupled hygro-thermal analysis was carried out in Stage 1 to compute the variation of temperature
and pore RH inside the specimen due to irradiation, based on the material models discussed in Section
2.3. In the JEEP Il experiments, nine concrete specimens (of which one was a dummy specimen to

measure temperature) were irradiated together inside a double-walled aluminum capsule with coolant
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water flowing in the annulus to reduce the temperature. The temperature was measured at the center
of the top specimen. Moreover, the gas released by radiolysis of the pore solution was passed into a
water-vapor condensation system and a gas collection branch. The generated gas was released once the
pressure in the capsule exceeded 1.25 bar through a release valve. A helium gas flush line was also
installed for adverse situations to flush out any condensation that might obstruct smooth discharge of
gases. It was difficult to characterize the boundary conditions in this case because it would have
required modeling of all specimens within the capsule, along with the flowing coolant water and a
pressure release system once the pressure reached 1.25 bar. Instead of carrying out such a complex
analysis, some simplifying assumptions were made. The heat transfer coefficient in Equation 29 was
calibrated (shown in Table 2) so that the simulations match the temperature at the center of the
specimen. It has been reported that the temperature at the center of the specimens reached 72°C
quickly in the experiments, but it is not known how quickly. The experiments were designed to keep the
irradiation temperature at approximately 70°C [5]. In the simulations, this temperature was reached in
16 hours and remained constant thereafter. Figure 9 shows the temperature profile in the specimen
after 16 hours. The thermal properties required for Stage 1 analysis (see Section 2.3.1) for aggregates

GA and GB are similar, and hence these simulations can be used for both Con-A and Con-B.

Temperature
l 72.0

-68.6
-65.6

-62.6
60.0

Figure 9: Plan view of the specimen temperature at 16 hours, after which it achieves a steady state
condition.

As the irradiation proceeded, the moisture released by the specimen continuously decreased. No
appreciable loss of moisture was reported after 100 days of irradiation. The pressure was released more
frequently in the beginning due to higher available moisture in the specimen and, consequently, higher
vapor release was noted early on. Thus, the capsule was always under high pressure during the
radiation. The actual conditions were quite different in the reactor; however, in the simulations, a

simplification was made such that the environmental humidity ( in Equation 30) was calibrated to drop
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exponentially at a rate such that the total water released by the specimen matched those in the
experiments. It is assumed that gases and water vapor diffuse in a similar manner, and no effort is made
to differentiate between the two due to the lack of understanding of diffusion under irradiation
conditions. Figure 10(a) shows the assumed environmental-humidity profile while Figure 10(b) shows
the experimental and simulated amounts of water released. The experimental water released consists of
the water from gas that was released, and the water absorbed on the condenser for the PPT-D
specimen. Note that only PPT-D or E data could be considered here because they were the specimens
tested for more than 100 days. Two-thirds of the gas is assumed to consist of hydrogen. It is converted

to the molar mass of water assuming STP condition (1 mole of H, =22.4 L =2 g; 1 mole of water = 18 g).

124——t— 1 . AT B TP RPN
i B
EZ 08 - o5 I
EZ 2% _
o0 o -

EE 0 i
S - [ x =
I £ 0.4 2 O OExperimental Data
- B = Simulation Result
0 T | T | ¥ 0 T I T I T I T
0 200 0 200 400
Time (Days} Time {Days)

(a) (b)
Figure 10: (a) Applied humidity at the specimen boundary, and (b) experimental and simulated
amounts of water released after specified irradiation times. The simulated results correspond to the
assumed applied environmental humidity at each of those times.

Figure 11 shows RH as a function of depth into the specimen and irradiation time. Currently, there is
no way to validate the simulated pore humidity values as no measurements of internal RH or water
content were made during the irradiation experiment. The results show that the assumption of constant
humidity profile made in a previous study for irradiated concrete [15] could be used for small-diameter
specimens. Note that in Figure 11, the aggregates have been removed since they do not partake in

moisture transport.
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Figure 11: Evolution of RH in the specimen at: (a) 0, (b) 5, (c) 50, and (d) 100 days of irradiation. The
aggregates have been removed as they do not partake in moisture transport. Please also note that
the color schemes are different for all four figures; for e.g., deep red in (b) corresponds to a RH of
94%, while the same color in (d) indicates an RH of 67%. Maintaining uniformity in color schemes

across all figures would have adversely impacted visual readability.

3.2.2 Stage 2 Analysis

After the temperature and humidity profiles were determined as shown above, mechanical analysis was
carried out. The radiation dosage is considered constant along the depth of the specimen as it does not
change appreciably over a single specimen [5]. The dosage changes appreciably over the nine specimens
which underwent irradiation; however, to reduce computational complexities, only one specimen is
simulated, and the average radiation rate of 3.6 x 102 n/cm?/s is applied. The average radiation rate
multiplied by time gives the total radiation dose received by the specimen at each time step. The time-
and space-dependent variation of temperature and RH, along with their influence on RIVE and thermal
expansion of aggregates and mortar, and shrinkage, creep, and damage development in mortar (based
on the material models defined in Section 2.4) are used to simulate the length change and effective
elastic modulus in the concrete subjected to irradiation for different times. The length change is

computed based on the average displacement of the nodes on the top surface of the specimen and is
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compared to the experimental values of CON-A and CON-B, in Figure 12(a). The simulations are
observed to capture the length change of the irradiated concrete adequately.

The damage in the mortars of CON-A and CON-B, represented by the isotropic damage index
(Section 2.4.2.4), volume-averaged over all the finite elements in the mortar, are shown in Figure 12(b).
Note that the damage in the mortar is mainly because of the RIVE of aggregates. The damage index is
higher for the mortar in CON-A, especially after 45 days or so when simulations show extensive damage
(see Figure 13). The onset of damage is slightly delayed for CON-B because of the lower volume change
of aggregate GB as shown in Figure 7(b), attributable to its reduced quartz content (as seen in Figure
12(b)). The progression of damage in the CON-A and CON-B specimens, up to an irradiation time of 150
days, are shown in Figures 13(a) and (b). Damage initiates, propagates around the aggregates, and then
bridges the aggregates. Cracking was observed to have initiated in the CON-A specimen at the end of 36
days, and at the end of 38 days for the CON-B specimen. At the end of 40, 48, 72, and 150 days, there

was slightly more damage in CON-A, mainly because of higher RIVE in aggregate GA.

In the experimental measurements, the specimens were heated at 76°C before carrying out the
length change and elastic modulus measurements. In the simulations, the specimens were heated at
76°C at the end of 30 days (PPT-B), 50 days (PPT-C) and 155 days (PPT-D) tests, and it was observed that
the length and elastic modulus changes due to heating of the specimen were insignificant. Thus, RIVE is

the driving force behind the length change and modulus degradation.
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Figure 12: MOOSE finite element analysis predictions (MFEAP) for: (a) displacement at the top of the
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specimen, and (b) damage index in the mortars, as a function of irradiation time for CON-A and CON-
B. The displacement at the top is compared directly with the experimental results, while the isotropic
damage index is used to compute the elastic modulus degradation of the specimens as shown in
Figure 14.

(a)

(b)

Figure 13: Progression of damage in: (a) CON-A, and (b) CON-B specimens at the at the end of 40, 48,
72, and 150 days of irradiation.

As shown in Figure 7(a), the elastic modulus of the aggregates degrades with fluence (or irradiation

time). The irradiation time-dependent elastic modulus of the mortar, as a function of the volume-
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averaged damage ( obtained from the simulations (see Section 2.4.2.4) is computed as follows:

The Young’s modulus of CON-A and CON-B after different times of irradiation are then computed based
on a self-consistent scheme [80], shown in Figure 14 (bold line) using the damaged modulus of
aggregate and mortar. The radiation-affected aggregate modulus was obtained from Figure 7(a) and
mortar modulus from Equation 33. Due to the large variation in the modulus values of the irradiation-
damaged aggregates as evident from Figure 6(a), simulations were also carried out using the lower and
upper bounds of the aggregate moduli. The corresponding predictions are also plotted in Figure 14 (as
dotted lines). In general, the experimentally determined elastic moduli after different durations of
irradiation fall within the bounds shown. This indicates that radiation induced aggregate stiffness loss
plays an important part in the loss of mechanical properties, and this should be determined as
accurately as possible. Predictions using other micromechanical models, e.g., Hansen [85], Counto [86],
and Eshelby’s method [87,88] also were found to lie within or very close to the these bounds. The elastic
modulus of CON-A and CON-B drops from 36 GPa to 7 GPa and 37 GPa to 9.12 GPa respectively during
the 155 days of irradiation. The two-stage modeling scheme that considers the multi-physics
mechanisms at play during irradiation is shown to successfully predict the degradation in elastic

modulus of irradiated concrete specimens.
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Figure 14: Comparison of elastic modulus as a function of irradiation time for: (a) CON-A and (b) CON-
B specimens. The bold lines represent the drop in concrete modulus when irradiated, obtained using
the best fit curve of aggregate modulus drop with RIVE shown in Figure 6. The dotted lines indicate
the upper-and-lower bounds of concrete modulus by using the bands shown in Figure 6.
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4 SUMMARY AND CONCLUSIONS

This paper presents a comprehensive 3D mesoscale finite element framework to model the damage in
concrete under neutron irradiation in a test reactor using two-stage simulations. The framework
considers the effects of neutron irradiation, secondary gamma irradiation, and high temperature on the
mortar and aggregates separately. Modeling is carried out using the MOOSE framework to simulate RIVE
and radiation induced damage of coarse aggregates and the corresponding damage propagation in the
mortar undergoing creep, thermal strains, and drying shrinkage. A comprehensive experimental data set
[5] was used to aid simulations reported in this paper. The parameters for the simulation were either

directly available from the experiments or were assumed with theoretical justifications.

The multi-physics simulation reported in this paper was performed in two stages. In the first stage,
the temperature and humidity profiles in the specimen as a result of incident radiation energy were
computed using a coupled hygro-thermal model. The thermal-transport modeling was based on energy
and mass balance in a capillary porous solid and considered the effects of all the constituents of
concrete, including the free water. Moisture-transport characteristics were accounted for using
empirical sorption-desorption isotherms. The temperature and humidity profiles computed from this
stage, along with the irradiation dose, formed the inputs to the second stage of analysis to predict the
mechanical properties under irradiation.

Aggregate properties, including RIVE, were assumed to be homogeneous in the second-stage
analysis. The RIVE of coarse aggregates was computed using a nucleation-and-growth model fitted to
the experimental data. The irradiation-induced elastic modulus degradation of aggregates followed the
results of a micromechanical investigation on irradiated aggregates, that accounted for the silica content
in the aggregates. While fine aggregates are also subjected to RIVE, it was assumed that, in the mortar,
the shrinkage of the paste at high temperature counteracted this expansion. This assumption was
required by the fact that only coarse aggregates were considered in the mesoscale simulations. The
damage in the mortar was quantified using exponential softening and an isotropic damage parameter,
which in turn was used to determine the elastic modulus of mortar as a function of irradiation time. The
effective elastic modulus of concretes containing two different coarse-aggregate types as a function of
irradiation time was determined using the self-consistent scheme. The experimental values of the elastic
modulus and expansion of concretes after irradiation in the test reactor were found to match well with
the predictions. Simulations demonstrated that RIVE of aggregates initially causes cracks around the

aggregates, that, with further irradiation, propagate to damage the mortar. The proposed framework
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provides a numerical tool to predict damage in concrete under irradiation, considering all attendant

mechanisms.
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