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benjamin.spencer@inl.gov macroscopic expansion, which can lead to cracking and damage throughout a struc-
ture due to load redistribution. ASR progression is affected by aggregate reactivity,
alkali content in the hardened cement paste, temperature, moisture content, and
stress. Numerical simulation is essential to predict the progression and effects of ASR
on the performance of structures. Because of the interactions between thermal and
moisture transport and mechanical deformation, it is important for numerical models
to represent all these physical phenomena and the interactions between them. Sim-
ulations of ASR in reinforced concrete (RC) structures are further complicated by
the need to capture interactions between concrete and embedded reinforcing bars.
This paper describes the implementation of a scalable, coupled-physics ASR model
for simulating RC structures and assesses the ability of that model to predict ASR-
induced expansion in recent laboratory tests on RC block and beam specimens.
These laboratory tests and the simulation approach were selected because of their
applicability to RC structural-scale simulations. This validation study helps builds
confidence the ablility of this approach to model ASR expansion in large, complex

RC structures, which is a current high-priority need.

1 | INTRODUCTION

Alkali-silica reaction (ASR) is an important concrete degradation mechanism involving complex dissolution-precipitation re-
actions that take place in the presence of alkali ions, silica, and moisture. Alkali ions diffuse from the hardened cement paste
into the porous aggregate and start the silica dissolution by breaking silanol and siloxane bonds in the reactive aggregates. Hy-
drophilic silica gel, the key reaction product, is formed and expands in the presence of moisture'l. The presence of silica gel
initially does not exert any significant pressure on the surrounding concrete microstructure as it diffuses into the empty pore
spaces. However, once the empty pore space is filled up or clogged due to calcification, the swelling silica gel applies internal
pressure to the concrete microstructure. This applied hydrostatic stress results in aggregate and cement paste cracking at the
microscopic level and can cause a loss of strength and stiffness, cracking, excessive expansion, and misalignment of structural
components at the macroscopic level. Once this process begins, the ASR-induced cracking further accelerates ASR progression
by enhancing reactant diffusion in the hardened cement paste and aggregates. While ASR has a detrimental effect on the mate-
rial properties in the local affected regions, the volumetric expansion resulting from ASR can lead to elevated tensile stresses
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in other regions of the structure. This can thus cause cracking and reduction of structural capacity throughout a structure even
when ASR is confined to some regions of a structure.

Since water acts as a solvent for silica dissolution and as a medium for ion diffusion through porous structures, moisture
governs both the rate and magnitude of volumetric swelling®#, Apart from moisture, Ulm et al. observed that both dissolution
and diffusion mechanisms are thermoactivated chemical reactions. Furthermore, the state of stress is an important factor that
governs the direction of ASR expansion®. There is general consensus from experimental data that compressive stresses limit
the expansion in the directions of application and redistribute expansive strains to the directions with lower compressive stress.
Experimental results indicate that triaxial confinement can delay or impede the extend of the volumetric expansion, although
evidence on the extent of this effect is less conclusive, with some studies® indicating that triaxial confinement slightly reduces
volumetric expansion, while other indicate a more significant reduction®".

Due to the multiscale nature of ASR and its dependence on moisture, temperature, stress, and concrete material proper-
ties, researchers have developed a variety of methodologies to model ASR progression and its effects on concrete structures.
Iskhakov et al.'% summarized various techniques of modeling ASR in concrete structures including thermo-chemo-plastic,
thermo-chemo-damage, and thermo-hygro-chemo-damage models for the structural-scale ASR effects. Modeling techniques
from! 3 LR include alkali diffusion into the porous aggregates and cement paste, permeation and imbibition of silica gel, pres-
ence of aggregates with varying reactivity, decrease in alkali concentration with the ASR progress, and ASR-induced damage
on microstructure and structural scale. Multon et al.™* developed a physiochemical model to estimate the volume of silica gel
that can apply internal pressure based on mass-balance equations. This model considers a representative elementary volume to
model various-sized aggregates as spheres to study the diffusion of alkali ions. The model estimates the ASR product (i.e., sil-
ica gel) volume over time assuming that it fills the pore spaces in the cement paste and aggregates. They utilized mechanical
relationships to obtain the damaged elastic modulus and expansion of the representative elementary volume. Esposito and Hen-
driksa® summarized the modeling approaches based on the starting scale, input and output parameters, and solution technique
(e.g., mathematical, analytical, or computational). Some models!>1% 17 focus on the microstructural scale but are difficult to
utilize at structural scale. Other models!# 1818721 estimate gel swelling but do not predict its effects on mechanical properties
and damage in concrete. Of particular interest for the present study are models targeted at structural-scale application that con-
sider the simultaneous impact of temperature, relative humidity, and stress state}322727 Recent work with similar objectives
has also used concurrent multiscale simulation methods, inform engineering-scale response with mesoscale models®.

The present study is motivated by the need to model ASR progression and its effects on the performance of reinforced concrete
(RC) structures, with a particular focus on engineering-scale assessment of containment vessels in nuclear power plants (NPPs).
In light-water reactor NPPs, which are currently in widespread use worldwide, the containment vessel is designed to serve as
a secondary barrier to the release of radioactive contaminants to the environment during the unlikely event of a breach in the
primary coolant system. There are a variety of designs for containment vessels, employing steel, RC, or prestressed concrete.
Concrete containment vessels are exposed to the same types of environmental conditions as other civil RC structures and are thus
also generally subject to the same types of degradation mechanisms. While some concrete NPP structures, such as the biological
shield wall, are exposed to high levels of radiation, which can cause structural degradation, the radiation doses experienced by
containment vessels are negligible. ASR-induced degradation is potentially important for concrete containment vessels and has
been observed in multiple operating NPPs. ASR, driven by the intrusion of moisture into subgrade structures, was observed at
the Seabrook NPP in 2009“®. ASR-induced expansion was reported in 1979 in the turbine generator foundation in Unit #1 of
the Ikata NPP3U, The expansion was caused by silicate minerals in andesite, which was present in the coarse aggregate. The
expansion altered the distance between the generator’s rotor axis and the bearing, which was mitigated by adjusting equipment.
Containment vessels must withstand internal pressure loading in addition to the other loading they could be subjected to from
external events such as seismic events=1'32 It is important to assess the effects of ASR or other degradation mechanisms on the
ability of the containment vessel to withstand any of these loading conditions.

Because of its applicability to structural-scale simulations and ability to capture confinement effects, the Saouma and Perotti
model’, based on the earlier work of Ulm et al.® was employed here. Multiple published experimental studies on ASR are
available for model validation. A number of these studies are particularly relevant to RC structures because they characterize
the behavior of RC samples and structural members. The present study used experimental results from Wald et al.*%, Ballarini et
al.?¥ and Wald® for model validation because, in combination, they considered the effects of temperature, relative humidity, and
rebar arrangement, which are the crucial factors governing the rate of ASR-induced expansion. More details about these studies
are provided in Section ] The scope of the present study is limited to addressing the progression of ASR and its mechanical
effects including ASR-induced expansion, creep and damage, and structural deformation. While this is an important step toward
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addressing the effects of ASR on structural capacity and ductility, that is outside the scope of the present study and is an important
topic of follow-on work.

The set of experimental results chosen for validation here is by no means exhaustive, and other recent experiments are also
highly relevant for this purpose and are summarized below. Multon et al.*® conducted an experimental study on RC beams with
500 mm depth, 250 mm width and 2,800 mm length, with varying levels of longitudinal reinforcement and a moisture gradient
through the beam depths. They also considered the effect of increasing the alkali content in the concrete mix to accelerate
the ASR expansion in the beam. They observed anisotropic swelling, the possibility of significant ASR expansion (0.1%), in
the absence of an external water source, and the dominant influence of water on ASR expansion. Karthik et al.%Z studied the
effect of severe ASR expansion on the load-carrying capacity of a C-beam specimen. The specimen has a rebar arrangement
to achieve a state of stresses similar to that in a bridge pier. The concrete mix was prepared with a total alkali content of
5.9 % (with 1.9 % from NaOH). Over 5 years, the beam experienced heavy ASR deterioration and was tested mechanically.
The load-carrying capacity was not reduced; however, stiffer load-deformation behavior and lower ductility were observed in
the heavily deteriorated sample compared to slightly and moderately deteriorated beams. Habibi et al.*® studied the effects of
ASR on concrete shear walls subjected to 50°C and at least 95% relative humidity in an environmental chamber. Concrete mix
proportions and age were the only variables changed between the shear wall specimens. ASR had a relatively minor effect on
the load-carrying capacity of the shear walls, but under reverse cyclic and axial loading, the ASR degradation caused significant
reductions in the ductility and energy dissipation capacity.

The experiments chosen for simulation here were selected because of their relevance to RC containment vessels. The cubes
used rebars to provide varying levels of confinement, which is ideal for testing the approach used for modeling reinforcement.
Both sets of beam experiments employed minimal or no transverse reinforcement, which is representative of the conditions in
RC containment vessels. While it would certainly be worthwhile to extend the present validation study to include additional
cases such as tests on prestressed concrete or shear walls, by necessity any validation effort must focus the available resources
on a limited set of cases relevant to the target application.

The present validation effort focuses on predictions of the ASR-induced elongation measured in multiple directions, compared
against experimental measurements. Because the specimens considered had a variety of reinforcement levels and arrangements,
they are particularly useful for assessing the ability of the models to account for the effects of confining stresses, and in particular,
the effects of anisotropic confinement. It is important to emphasize that there are other aspects of the model, such as the ASR
effects on structural capacity and ductility, that are not assessed here, and should be addressed in future studies.

This paper first summarizes the governing equations and material models for temperature and moisture transport in concrete,
ASR progression, behavior of rebars, and interactions between reinforcement and concrete in Section E} Structural-scale sim-
ulations of ASR progression require solving large-scale, coupled-physics models. The computational framework used here is
described in Section 3] Next, the validation study is described in Section [ which includes descriptions of the experiments,
computational models, and comparisons between experimental and simulation results. Finally, findings from this study are
summarized in Section 3l

2 | GOVERNING EQUATIONS AND MATERIAL MODELS

The ASR progression and its effects on RC structure behavior are affected by the temperature and moisture distribution in
the concrete and the mechanical deformation of and interactions between the concrete and rebar. A comprehensive simulation
capability requires models for these phenomena and the interactions between them. The governing equations and material models
for these phenomena are described here. As the focus of the present effort is on validation and application, the models for these
various phenomena are all taken from other work, as noted in their respective descriptions. The primary novelty here is not in
the models themselves, but in their implementation in a unified, open-source, parallel, multiphysics solution framework that is
capable of practical, structure-scale simulations.

2.1 | Heat and moisture transfer

The standard heat equation governs heat transfer in concrete:

pc% —V-(kVT)+ 0 1)
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where p is the density of concrete [kg/m3], C is the specific heat of concrete [J/kg °C], T is the temperature [°C], k is the thermal
conductivity of concrete [W/m °C], Q is the rate of heat per unit volume generated within the body [W/m3], and 7 is time [s].
Thermal conductivity and capacity are dependent on the temperature as described in*?, which defines models that are applicable
for both normal- and high-strength concrete.
The Xi#Y moisture model was used for moisture transfer in concrete. The governing equation for moisture transport is:
g—g%—lj =V.(D,VH) (2)
where W is the total water content [g/g], D,, is the moisture diffusivity [kg/ m? s], and H is the pore relative humidity (H =
373.15T
temperature in K and P, is the standard atmospheric pressure (101.325 Pa). The moisture transport model depends on the
water-cement ratio, cement and aggregate type, aggregate pore type, cement and aggregate mass, aggregate volume fraction, and
curing duration of the concrete. The estimation of the moisture diffusivity and moisture is described in“?, In the current study,
the mass matrix of the time derivative term of Equation (2)) uses mass lumping to avoid spurious oscillations in the moisture
profile caused in part by low moisture diffusivity.

P /P,), where P, is the vapor pressure and P, is the saturate vapor pressure ( P, exp (4871 3110 )) where T is the

2.2 | ASR swelling

As previously noted, the Saouma and Perotti model was used for estimating ASR-induced swelling and damage in concrete
structures. This model is based on the models of Larive® and Ulm et al.” for ASR kinetics, accounting for the temperature and
relative humidity in the concrete microstructure, concrete strength in uniaxial tension, and compression, and builds onto that
model by codifying a procedure to account for the effects of the local state of stress. This model is described in the next section.

2.2.1 | ASR Kkinetics

Under stress-free conditions, the extent of the ASR, &, can be expressed in terms of the volumetric strain, &, as:

£y = 20

£ (00)

3

where € (00) is the asymptotic volumetric strain when the ASR is complete. The ASR is assumed to follow 1*'-order kinetics.

Thus, the rate of ASR is expressed as:
de _ €() —£(1)

= 4
dt t.(T,¢&) @
where ¢, (T, §) is a characteristic time of reaction at a given temperature and is expressed as:
o (T,Ia, fc’)

1 +exp <_—1C(T) )
t. (T, &) =1-(T) ; Q)

c £+ exp (_TL(T,IU,fC))

7c(T)

where 7, (T, o S ) and 7. (T) are the temperature-dependent characteristic time and latency time, respectively. Using
Equations @) and @ the ASR extent can be rewritten as:
o)

1—
cO=—"FT—7 (6)
=)
I+e\we =
The time constants for an arbitrary temperature can be computed from values at a reference temperature, T;, (typically a
temperature at which experimental data is gathered) by:

£ (T) = 7 (Ty) exp (uc <% _ TL())) ™
LT f) = (1) (Gt exo (U (- 7)) ®)

where f (Ig, f ) accounts for the effect of compressive stresses on impeding ASR and is defined as:

, 1 if I,>0
f(Ia’fC)={1+a o jf I. <0 ©

c
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where ¢ is the applied stress, f; is the uniaxial compressive strength of the concrete, U, and U; are the activation energy
constants for characteristic time and latency, respectively, I, is the first invariant of the stress tensor, and « is a stress dependency
factor to couple chemical expansion with the mechanical phase. a is assumed to be equal to % based on Multon’s experimental
results*2, The latency time accounts for the absorption of silica gel in concrete pores. The latency period is proportional to the
concrete porosity, as silica gel will take longer to fill highly porous concrete before ASR swelling can apply internal pressure to
the aggregate and cement paste.

2.2.2 | ASR swelling mechanics

The expression for free volumetric expansion in concrete due to ASR, given in Equations (3) and (@), is updated to account for

the effects of stress and relative humidity. The incremental volumetric expansion taking these effects into account, AR is

expressed as: *
AeliR @) =T, (f].07) I, (5. ) g (H) € (1, T) & (00) I, (10)

where f] is the tensile strength of the concrete, o; is the maximum principal stress (positive under tensile stress), & (defined
as %) is the ratio between the hydrostatic stress and compressive strength of concrete, and & (°°)|T=TU is £ (00) at the
reference temperature. Here, I, accounts for the reduction in ASR swelling due to tensile cracking, which creates voids that can
accommodate expanding silica gel. Similarly, I, represents a reduction in ASR swelling due to the diffusion of silica gel in the
microcracks formed by compressive load*?. g (H) accounts for the dependency of gel expansion on the water in concrete. I,

I'.,and g (H) in (I0) are computed as:

s d! L (61 <nf)) an
' L+ (1-L) %2 if (nf] <o)
1 if 6 <0 tension
Ie=91- H(ZZ—:)G if & >0 compression (12)
g(H)=H" (13)

where y, is the fraction of the yield strength beyond which the silica gel can accommodate space created due to cracking, I is
the residual ASR retention factor in tensile loading, and f and m are empirical constants.

As observed experimentally®Z, ASR swelling occurs preferentially in directions where stress is less compressive. The proce-
dure of', which was employed here, accounts for those observations in distributing the volumetric strain in the three principal
stress directions, corresponding to principal stresses o, 0,,, and o,. Weights, W, for the fraction of the total volumetric strain
increment applied in each principal direction, k, are defined such that the total of the weights in the three directions is one.

The weights are computed based on observed behavior when the concrete is in uniaxial, biaxial or triaxial loading and are
defined for a given direction k for three cases for the stress in each direction: 1) the stress is tensile or zero, 2) the stress is
equal to a compressive stress beyond which no further gel expansion can occur, o, (indicated to be -10 MPa by the experimental
studies of®), or 3) the stress is equal to the compressive strength, f !. The weight factors for a given principal stress, o}, based
on the other two principal stresses, o, and o,,, for these discrete stress combinations are given in Table(I]| The stresses typically
fall between these points, so trilinear interpolation is used to compute a weight factor for each direction between the points in
the principal stress space in Table [I] that bound the three principal stress components. Once these weights are computed, the
increment in volumetric strain in each principal stress direction i can be calculated as:

AR = W AelSRVi = {1,2,3} (14)

vol |i
These strains are then applied in their corresponding principal directions.
As discussed in Section[I] ASR causes degradation in both the tensile strength and elastic stiffness of concrete. The decrease
in elastic stiffness depends on both temperature and the ASR extent, according to:

C = (1-dss)Cy
dpsg (1.T) = (1= fc) £.T)
where C and C,, are the damaged and undamaged elastic stiffness of concrete, respectively, d,qg is the extent of the ASR
damage, and S is the fractional residual elastic stiffness and tensile strength after the ASR has completed. In the model of'%,

the concrete’s tensile strength is directly reduced by ASR-induced damage. The procedure used here differs somewhat from that
and is described in Section 2.4l

s)
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Table 1 Weights for the distribution of ASR strain in direction k based on principal stress values ¢, ¢,,, and o, for key discrete
stress values (adapted from'). Note that tensile stresses are positive by convention.

Weight for Direction k
o, [ 6, |6,20]0,=0, [0, =]
>0]>0 173 0 0
o, | =20 172 0 0
o, | o, 1 1/3 0
>0 | o, 172 0 0
f. | =20 1/2 0 0
fe o, 1 172 0
fe | 1. 1 1 1/3
o, | f. 1 172 0
>0 | f, 1/2 0 0

2.3 | Concrete creep

Stresses in concrete due to ASR expansion can be significant, so it is important to account for creep in simulations of the long-
term effects of ASR on RC structures. The logarithmic viscoelastic creep model described by Giorla®? is used here to account
for concrete creep. Deformation is represented by a generalized Kelvin model consisting of three modules in series: a spring, a
Kelvin-Voigt unit with a spring and dashpot, and a final dashpot. The total strain, €, is decomposed by these modules into the
elastic strain, ¢, the partly recoverable short-term creep strain, €,, and the irrecoverable long-term creep strain, ¢, respectively.
The viscoelastic strain represented by the Kelvin-Voigt module is partly recoverable upon unloading. The irrecoverable creep
strain is linear with the logarithm of time and cannot be recovered upon unloading. The strain decomposition is expressed as:

E=¢€,+¢,+¢, (16)

The same stress, o, is applied to each module and is related to the strains in the individual modules as:

c=C, ¢, 17)

c=C,: (¢, +n¢,) (18)

o= <1+i> n,C, : &, (19)
TU

where C, is the elasticity tensor, C, is the recoverable elasticity tensor of the spring in the Kelvin-Voigt unit, #, is the recoverable
viscosity, #,, is the long-term viscosity, and 7, is the long-term characteristic time. The elasticity tensors are computed based on
user-supplied Poisson’s ratio, Young’s modulus, and recoverable Young’s modulus.

This model considers the effect of temperature by defining temperature-dependent values of the long-term viscosity, #, (T),
and recoverable viscosity, 1, (T):

Si-

no () = 7))y (1) (20)

n @ =)y, (1) @n
where T, is an activation temperature and T, is the reference temperature at which reference viscosities 7, (T,;) and 1, (Tieg)
are defined.

Similarly, the effects of relative humidity are accounted for by defining the humidity-dependent recoverable elasticity tensor,
C, (H), and long-term viscosity #, (H):

1

C, (H) = =C, (Hyy) 22)
1

r]y (H) = ﬁr’u (Href> (23)

where H . is a reference humidity at which the reference values of C, (Href) and 7, (Href) are defined.

2.4 | Concrete damage

Damage induced by ASR can be due to local damage incurred by the ASR and mechanical damage induced by stresses resulting
from by the ASR volumetric expansion, as well as other loadings to the structure. The model for local ASR-induced damage was
described in Section[2.2.2] Because that local ASR damage is based on a scalar damage parameter, using a similar approach for
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other strain-induced (i.e., mechanical) damage makes combining those effects straightforward. The Mazars damage model#+ 4>

is an isotropic damage model that can model the stiffness degradation and softening behavior of the concrete and is employed
here. In the Mazars model, a scalar mechanical damage variable d,, is expressed as a combination of tension and compression
damage modes:

d,=oad +ad, 24)
where @, and a, are coefficients that depend on the strain orientation and d, and d, are damage variables for tension and com-
pression, respectively. These a coefficients account for the contributions of tensile and compressive loading and are computed

as:
(e9) (e
. = ;( X

Z(<6 ><€>> 26)

where the exponent f is a user-defined parameter that can be adjusted to fit the material response to the experimental data
for shear response, (') and (&{) are the principal components of the strain tensors resulting from the tensile and compressive
components of the stress tensor, and (¢;) contains the principal components of the strain tensor. The tensile and compressive
damage variables are computed as:

) (25)

Kp(1—A A
d=1-=" (1-4) ’ @7)
K exp [B, K- KO)]
Kp(l—A A
d,=1- n(1-4) ¢ (28)
K exp [Bc (K - KO)]
where A,, A,, B,, and B, are material parameters that affect the shape of the nonlinear response and x defines the damage
evolution threshold, which initially has the value x, = -, where f; is the tensile strength and E|, is the initial Young’s modulus
of the material. As the damage evolves, k is determlned “for each load step as:
K = max (5, K'O) 29)
where £ is an equivalent strain quantity calculated from the positive eigenvalues of the strain tensor as:
3
€= Z (), (30)

where ¢; are the components of principal strain and (.), is the Macaulay bracket, defined as:

o e.>0
(€)= {%’ sy 31)

The coefficients A,, A., B,, and B, are calibrated to match the peak strength and softening behavior of the concrete under uniaxial
tension and compression.

The combined effects of ASR-induced damage and mechanical damage are accounted for by computing the damage for the
mechanical damage and ASR models at each quadrature point and then computing a combined damage index d_,,, as:

dcomb =1- (1 - dm) (1 - dASR) (32)

This combined damage index is used to degrade the material stiffness and stress. It should be noted that in this approach for com-
bining ASR and mechanical damage, ASR-induced damage degrades both the tensile and compressive strength of the concrete,
while an approach in which ASR only decreases tensile strength would be preferred”2%28, The Mazars damage model does
not readily allow for ASR-induced damage to only affect the tensile behavior, so a different mechanical damage model would
be required to incorporate this behavior. Additionally, to avoid numerical issues, the damage can be limited to a user-specified
value below 1.0, which gives a small amount of residual strength.

2.5 | Steel reinforcement

Steel reinforcement in concrete can be modeled in a number of ways, including using rebar properties distributed through the
concrete, discrete bars, or rebar layers embedded within the concrete matrix. Steel reinforcement is modeled here using one
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dimensional (1D) line elements that mechanically behave as trusses (i.e., axial resistance but no bending resistance) and conduct
heat along their axis. These are embedded within a two or three dimensional (2D or 3D) finite element model of the concrete
matrix. To facilitate model setup, constraints are imposed on the rebar nodes to enforce compatibility between their displacement
and temperature and that of the matrix material at the rebar node locations, which can be anywhere within the concrete matrix
elements. The use of these constraints allows the rebar and concrete to be meshed independently, so they do not need to share
nodes. It is important to note that the way displacement compatibility between rebar and matrix is enforced here assumes a
perfect bond. Incorporating a bond-slip model would permit realistic representation of confinement, particularly near the ends
of bars or in regions with significant damage, where slip could be significant for many of the cases considered here. This is an
area for future development.

The mechanical behavior of the rebar is described by a model that assumes the axial response is linearly elastic, followed by
linear strain hardening above the yield stress. The model also includes axial heat conduction along rebar using constant thermal
conductivity and specific heat. Thermal expansion is also modeled in the rebar, using a constant coefficient of thermal expansion.
This study did not assume any strain hardening (i.e., perfect plasticity) because yielding in the rebar modeled here is followed
by a plateau region in which the bar has a nearly perfectly plastic response before strain hardening. The strain in the rebar only
slightly exceeded where strain hardening begins in one of the simulations performed here. Higher strains would warrant using
a more complete hardening curve.

3 | IMPLEMENTATION OF MULTIPHYSICS MODELS IN THE BLACKBEAR CODE

To maximize the ability to account for interactions between the physics models for heat and moisture transport and mechanical
deformation in the presence of ASR described in Section[2] it is important to implement those models in a software framework
designed to handle multiphysics coupling. In addition, to perform detailed simulations of large-scale structures, it is essen-
tial to take advantage of modern high-performance computing hardware, through parallel solution algorithms. To meet these
needs, these models were implemented in BlackBear“®, which is a code based on the open-source Multiphysics Object-Oriented
Simulation Environment (MOOSE) framework®Z,

MOOSE is designed specifically to meet the needs of large-scale, multiphysics simulations, providing the ability to solve
systems of coupled-physics equations either in a single nonlinear solution or using staggered solution schemes, and relies on both
the foundational capabilities to solve finite element models provided by the libMesh“® library and the scalable solvers provided
through the PETSc* library. MOOSE has a modular structure for defining the various aspects of a physics solution, with C++
base classes that define the interfaces developers can specialize to create code objects for specific purposes. MOOSE manages
the execution of these objects, so application codes such as BlackBear can readily expand on the capabilities in MOOSE by
adding modules, with no need to modify code execution logic.

BlackBear is an open-source subset of the capabilities of the access-controlled Grizzly code®, which addresses aging issues
in NPP systems, components, and structures. Grizzly contains capabilities specific to NPPs, such as models for radiation-induced
volumetric expansion®" in concrete (which build on multiple aspects of the ASR models described here), but the capabilities
demonstrated in this paper for modeling thermal and moisture transport in concrete, ASR progression, and ASR effects on the
mechanical behavior, rebar behavior, and constraints between rebar and concrete are open source, implemented in BlackBear
or MOOSE, which are accessible through code repositories hosted by GitHub”!'2, Most of the ASR models were originally
developed in in Grizzly>>># but were subsequently made open-source and moved to BlackBear.

4 | VALIDATION AGAINST ACCELERATED LABORATORY TESTS

The modeling framework to simulate the ASR-induced degradation in RC is validated here using results from the experimental
studies on material- and structural-scale specimens. The validation cases include RC blocks with varying steel rebar confinement,
RC beams subjected to time-varying temperature and moisture conditions, and different rebar arrangements.

4.1 | Free expansion of concrete blocks

Wald et al.®? performed a series of experiments to understand how reinforcement affects ASR expansion behavior in concrete.
Their study monitored the free expansion, in three axial directions of four plain concrete cubes and 33 RC cubes with varying
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reinforcement configurations, all having an edge length of 480 mm, under controlled environmental temperature and humidity
conditions. These experiments are well-suited to assess and validate the ASR models, in particular the model aspect that accounts
for the effect of confinement, and their results are compared to simulation results here.

Some of these experiments are modeled here, including an unreinforced block (Specimen A1-000b, in the nomenclature
of 33, which is used throughout this section), and several blocks with varying reinforcement configurations. Experimental data
is available for an additional unreinforced specimen (A1-000a) and is in general agreement with the specimen used here, except
for a somewhat greater expansion in one direction. Because of the greater consistency between the expansion observed in the
three directions in A1-000b, it is used here for calibration. Figure[I] shows the finite element models of these blocks with rebar
modeled as 1D trusses. It shows the configuration of the reinforcement bars oriented in the x-, y-, and z-directions distributed in
either two or three layers, depending on the experiment. The model of the unreinforced block is not shown here but is identical to
the models shown, except for the absence of rebar. The details of the various rebar configurations used in the experiments, using
data on specific rebar sizes from>>, are provided in Table [2| The naming convention of* for the specimens is followed here.
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Figure 1 Finite element model of concrete blocks with various reinforcement configurations: (a) Uniaxial, (b) Biaxial, (c)
Triaxial, (d) Biaxial-L1, (e) Biaxial-L2, and (f) Biaxial-L3.

The multiphysics models of these blocks solve for temperature, relative humidity, and displacement fields using the models
described in Section 2] The mechanical deformation of the blocks includes the effects of ASR expansion, thermal strain in the
rebar and concrete, and creep in the concrete. To model free expansion, the blocks are unrestrained in all directions and the only
mechanical boundary conditions applied are pinned nodes to prevent rigid body motion. For the thermal and humidity boundary
conditions, experimental temperature and humidity histories®?, as shown in Figure 2 are applied on all outside concrete block
boundaries. Because anchors were used at the ends of the rebars in these block experiments, the modeling assumption of perfect
bond used here is appropriate. Table [3] summarizes the material properties used in the simulations. Most of these properties,
including those related to transport, elasticity, creep and damage are chosen to be generally appropriate for concrete having the
strength of that tested in the experiments. The main parameters that were calibrated were those pertaining to ASR expansion,
in particular the latency and characteristic time and maximum ASR volumetric expansion. Those ASR-related parameters were
calibrated to match the average axial expansion observed in the plain concrete block (A1-000b), and then applied to the other
blocks in this series.
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Table 2 Configuration details of the concrete block specimens.

Reinforcement | Specimen Reinforcement Bars/Area Percentage Model
Arrangement Name x-direction y-direction z-direction Configuration

Unreinforced AT-000b - - - Figure[I] no rebar
AT1-00Ta/b - - O#4 bars (0.5%)

Uniaxial AT-002 - - O#6 bars (1.1%) | Figure
AT-003 - - O#7 bars (1.5%)
A1-101a/b 9#4 bars (0.5%) - 9#4 bars (0.5%)
AT-102a 9#4 bars (0.5%) - O#6 bars (1.1%) -

P A3-102¢ 9#4 bars (0.5%) - O#6 bars (1.1%) igure

Biaxial G layer) 4971033 OF4 bars (0.5%) - OF7 bars (1.5%)
AT-202 9#6 bars (1.1%) - O#6 bars (1.1%)
AT-303 9#7 bars (1.5%) - O#T bars (1.5%)
A3-102-L1 | 10#4 bars (0.6%) - 12#5 bars (1.0%) | Figure

Biaxial (2 layer) A3-202-L2 | 6#7 bars (1.0%) - 12#5 bars (1.0%) | Figurelle
A3-202-L3 | 9#6 bars (1.1%) - 12#5 bars (1.0%) | Figure
Al-11Ta/b | 9#4 bars (0.5%) | 9#4 bars (0.5%) | 9#4 bars (0.5%)
AT-222 O9#6 bars (1.1%) | 9#6 bars (1.1%) | 9#6 bars (1.1%)

Triaxial AT-211 O#6 bars (1.1%) | 9#4 bars (0.5%) | 9#4 bars (0.5%) Figure
AT-331 O#7 bars (1.5%) | 9#7 bars (1.5%) | 9#4 bars (0.5%)
AT-32Ta 9#7 bars (1.5%) | 9#6 bars (1.1%) | 9#4 bars (0.5%)

Figure 2] compares the computed average temperature and relative humidity within the plain concrete block resulting from
the applied boundary conditions. In the simulations, the average temperature response of the block closely follows the environ-
mental temperature prescribed on the block boundaries because heat conduction occurs rapidly relative to the time scale of the
experiment. In contrast, due to the low permeability of the concrete, moisture transport occurs over much longer time scales,
so the average value of the relative humidity does not track the value at the boundary as closely as does the temperature. Ex-
perimental data is not available to validate the simulated interior temperature and relative humidity, but the simulated behavior
appears reasonable.

Temperature (°C)

—— Average response from simulation
+  Experimental conditions

0 100 200 300 400

Relative Humidity (%)
o
S

0 160 260 360 460

Time (days)
Figure 2 Time history of temperature (top) and relative humidity (bottom) for concrete blocks, showing volume-averaged values
from a plain concrete block (A1-001a) plotted against reported experimental environmental conditions®?, which were applied
as boundary conditions to the model. Results for the Al-series RC blocks are not shown but are nearly identical to these.

The axial expansion reported from the experiments includes the effects of all sources of strain, including shrinkage, creep, ASR
and thermal expansion. The displacement values were extracted from the simulation at the same six points that were considered
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Table 3 Concrete and rebar properties for simulating the Wald et al. blocks.

Material Property Value
Initial Conditions Initial relative humidity 80%
Initial and stress-free temperature 30°C

Concrete Transport

Heat transport model
Moisture transport model

Eurocode-2004
Xi

Aggregate pore type Dense
Cement type U.S. Type I
Aggregate volume fraction 0.7
Aggregate mass 1877 kg/m?
Cement mass 354.0 kg/m?
Reference density of concrete (p) 2231.0 kg/m3
Reference specific heat of concrete (C) 1100.0 J/(Kg K)
Water-cement ratio 0.5

ASR Expansion and Damage Concrete cure time 28 days
Reference temperature for ASR expansion (7)) 35°C
Max ASR volumetric expansion (& (c0)) 0.025
Characteristic time (7) 35 days
Latency time (7 ) 18 days
Characteristic time activation energy (U) 5400.0 K
Latency time activation energy (U, ) 9400.0 K
Stress latency factor (a) 1
Compressive stress exponent () 1
Expansion stress limit (c,) 8.0 MPa
Tensile retention factor (1) 1
Tensile absorption factor (/}) 1
Relative humidity exponent for ASR volumetric |
strain (m)
Compressive strength ( fc') 31 MPa
Tensile strength (f)) 3.1 MPa
Fractional residual elastic stiffness (f.) 0.7

Thermal Expansion Concrete thermal expansion coefficient 8.0 x107° 1/K
Rebar thermal expansion coefficient 11.3 x107% 1/K
Rebar thermal conductivity 45 W/(m K)

Concrete Mechanical

Viscoelastic model
Concrete Young’s modulus

Logarithmic creep
37.3 GPa

Concrete Poisson’s ratio 0.22
Recoverable Young’s modulus 19.9¢9 GPa
Recoverable viscosity (7,.) 2592000 s
Long-term viscosity (#,) 138240000 s
Long-term characteristic time (z,,) 138240000 s
Reference temperature for creep (7¢) 23°C
Reference relative humidity for creep (H ) 1
p exponent for Mazars damage 1
A, coefficient for Mazars damage 0.9
A, coefficient for Mazars damage 1
B, coefficient for Mazars damage 16000
B, coefficient for Mazars damage 1600
Maximum scalar damage 0.95

Rebar Mechanical Rebar Young’s modulus 200 GPa
Rebar yield stress 415 MPa

during the experiments®?, on each of the surfaces. The average expansion reported here is the average of the measurements
from these six points, which similar to the experimental data include all sources of strain, although it is important to note that
shrinkage is not include in the model. The starting times for all presented results for the blocks are the casting times, which are
assumed to be 28 days before exposure to the environment conditions. Figure 3] shows the experimental and simulation results,
which indicate that, with calibration, the model can replicate the experimentally observed behavior reasonably well.

The same set of parameters obtained from the model calibration for the unreinforced block were then used to predict the
expansion of the RC blocks. Time histories of the simulated average axial expansion in the three directions compared with
experimental results of various concrete block specimens are shown in Figure [d] For the A1 specimens, the model predictions
generally follow the experimental observations. The constraining effect of the rebar is clearly evident as a decreased expansion
in the reinforced direction relative to the directions with no reinforcement. There is also a clear dependence in the response on
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Figure 3 Time history of the axial expansion of an unrestrained plain concrete block (A1-000b), comparing calibrated simulation
results with experimental data.

the rebar fraction in a given direction, which was adjusted by varying the nominal diameter of the rebar as mentioned in Table[2}
For example, there is a clear trend of decreasing expansion in the z-direction as the nominal reinforcement is increased from
0.5% to 1.5% over uniaxially reinforced specimens A1-001a, A1-002, and A1-003. Many cases (e.g., A1-001a and A1-101a)
have identical reinforcement in two directions, so the simulated response is nearly identical in those two directions. In cases
where there is different reinforcement in all three directions (e.g., A1-103 and A1-321), the simulations indicate significant
differences in expansion in the three directions, with greater expansion predicted in the directions with less reinforcement. This
behavior is also observed in the experimental results, with some minor deviations.

Note that there are multiple pairs of specimens (A1-001a and A1-001b, A1-101a and A1-101b, and Al-111a and Al-111b)
that have identical experimental conditions and rebar arrangements, so a single simulation is compared with those two different
experimental results. There is fairly significant variation between the experimental observations for all three pairs of experiments,
which is likely indicative of the expected variation in other specimens.

The A3 specimens were cast and tested later during the same environmental exposure period that the Al specimens were
subjected to and use the same concrete mix as the Al specimens. While one of the A3 specimens employs the same reinforcement
arrangement as the Al specimens (A3-102), the other three A3 specimens used different arrangements, indicated by the suffix.
In all these cases, the effects of changing the rebar arrangement with the same nominal areas are small. The differences between
A3-102c and A3-102-L1 are noticeable, but this can largely be attributed to differences in the nominal areas between the rebar
arrangements. For all A3 specimens, the simulations overpredict the experimentally observed expansion, particularly in the
directions confined by reinforcement. The ASR model parameters used in the A3 specimen simulations are the same as those
for the A1 specimens because they were reported to be the same mix. There is, however, clearly a systematic difference between
the behavior of the Al and A3 specimens. While the ASR expansion parameters could be recalibrated specifically for the A3
specimens, there is no unreinforced A3 specimen available for calibration, and the value of that exercise is questionable because
there are no available data on what might have differed between the A1 and A3 specimens.

4.2 | Reinforced concrete beams

While the study on RC blocks in Section {1 demonstrates that the effects of confinement on deformation with varying rein-
forcement are reasonably captured in the ASR model for simple specimens, it is important to also validate the model on more
complex specimens with geometries closer to those of actual structural members. Two recent series of tests on RC beams pro-
vide useful data for such validation. This study considered three RC beams from the experiments at the University of Southern
California (USC) reported in“*# and one beam from experiments at the University of Texas (UT), Austin“?. These experiments
are considered in the following sections.
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Figure 4 Free expansion of various RC block specimens, with comparisons between the axial expansion predicted by simulations
and the experimental observations.

4.2.1 | University of Southern California beams

Multiple RC beams were tested under conditions that resulted in accelerated ASR at USC, as documented by Ballarini et al B34
and Gencturk et al.59. A total of six beams, Beams 1-6, were tested. The beams had similar geometry and rebar arrangements,
but the environmental conditions and mix proportions varied for each beam. All beams had a 610 mm depth, 305 mm width, and
6,401 mm length. Beams 1-3 were loaded to assess their structural capacity with ASR, while Beams 4—6 (the cases considered
here) were only monitored for expansion. Beam 4 was subjected to the laboratory environment, while Beams 5 and 6 were
subjected to the ambient environment in Los Angeles, CA. Beams 4 and 5 were constructed using the same mix proportions
without any alkali content, while Beam 6 has a 1.25% NaOH solution by weight of cement to accelerate ASR. All beams were
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designed to have a shear span on each side to be exercised during mechanical testing. The axial reinforcement was uniform along
the span, but there was more shear reinforcement in the middle of the span than on the shear spans on the sides of the beam,
which resulted in lower confinement against ASR expansion than in the mid-span region.

The finite element model of the USC beams is shown in Figure[5] which highlights the heavy and light confinement region
zones. The modeling parameters for the beam are indicated in Table @] and as for the block tests, the ASR-related parameters
were calibrated based on tests of prisms cast from the concrete mixes used for the beams. Because they had the same concrete
mix proportions, the maximum ASR volumetric expansion parameter is considered the same for Beams 4 and 5. Since concrete
mix proportions are different for Beam 6 as compared to Beams 4 and 5, the maximum ASR volumetric expansion for Beam 6
is increased by the same ratio as observed for prism specimens, which were tested for each concrete batch used to construct the
beams.

High confinement zone
(mid span)

Low confinement zone

Longitudinal rebars <

Side face rebars.

Figure 5 Finite element model of the USC RC beams, showing the zones with varying confinement. The front half of the
concrete is clipped by the z-plane to show the arrangement of rebar, modeled as truss elements.

Table 4 Modeling parameters for RC beams that differ from or supplement those reported in Table

Parameter USCBeam4 USCBeam5 USCBeam6 UT Beam
Cement type US. TypeIT  US. Typell US.Typell  US.Typell
Reference thermal conductivity of concrete 3 W/(m K) 3 W/(m K) 3 W/(m K) 3 W/(m K)
Concrete cure time 14 days 14 days 14 days 56 days
Aggregate mass 2407.0 kg/m> 2407.0kg/m® 2407.0 kg/m® 1877.0 kg/m>
Water-cement ratio 0.52 0.52 0.52 0.50
Reference temperature for ASR expansion (7;,) 23.0°C 23.0°C 23.0°C 35.0°C

Max ASR volumetric expansion (g (00)) 0.03 0.03 0.06 0.027
Characteristic time (7) 100 days 100 days 100 days 80 days
Latency time (7 ) 40 days 40 days 40 days 160 days
Compressive strength (f)) 38 MPa 37 MPa 34 MPa 31 MPa
Tensile strength (f t’ ) 3.8 GPa 3.7 MPa 3.4 MPa 3.1 MPa

A, coefficient for Mazars damage 0.9 0.9 0.6 0.9

A, coefficient for Mazars damage 1.17 1.13 1.01 1.06

B, coefficient for Mazars damage 1500 1500 1500 1700
Stress-free temperature 23.0°C 23.0°C 23.0°C 10.6°C

Environmental temperature and moisture boundary conditions are applied on the outer surfaces of the beams as indicated in
Figure [6] and Figure [7] respectively. Temperature and moisture were monitored inside the beams throughout the experimental
period at multiple locations, as reported in®¥. Experimental observations for temperature and moisture inside the concrete bulk
are missing for a period of time due to malfunctioning sensors. Temperature and moisture profiles at the sensor locations are
compared between the simulations and experiments in Figure [6]and Figure[7] respectively. Temperature profiles from the simu-
lations on both the outer surfaces and the bulk of the beams match with experimental observations. Moisture profiles for Beam 4
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follow a drying trend similar to that observed in the experiment; however, there is an offset in the moisture values, which could
be due to the overestimation of the moisture diffusion coefficient. The moisture profile from simulation in the concrete bulk for
Beams 5 and 6 does not match the experimental observation. This discrepancy is believed to be due to sensor malfunctions,
because the experimentally observed moisture value from the top sensor should be between the values from the ambient and
middle sensors, which is not the case.
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Figure 6 Temperature histories at multiple locations for the USC beams, with comparisons between experimental data and
simulation results.

Time histories of strains in the x (axial) and y (vertical) directions, which are primarily due to ASR, were obtained from the
experiments at points at the middle of the shear spans and are compared with simulation results in Figure [§] Reported strains
include contributions from all sources. Error bars in the figure represent one standard deviation in the experimental data. The
simulations predicted the ASR expansion in both directions reasonably well for the duration of the experiments. Greater ASR
expansion is observed in Beam 6 than in Beams 4 and 5, which is expected due to the presence of 1.25% NaOH to accelerate
ASR in the concrete mix for Beam 6. The ASR expansion in the y-direction is observed to be greater compared to the x-direction,



16

e Experiment —— Simulation
Beam 4 Beam 5 Beam 6
Ambient Sensor Ambient Sensor Ambient Sensor
100 O °
L] . L]
80 P %
60 0y . I T L A T
.o. &".‘. ole o, ". : .:)‘.. * ‘-.o.
3"' ° € oo ™ Po, .25 ®, % % o
40 *- 3 R °- >
PR . % o0 & e % %0
®e *e® oV, AR . *°%
20 o e . . o : o
L]
L]
0
Top Sensor Top Sensor
100 ——
80 \"“‘V"‘H * - . O
0.#‘ . . ’ o
60 e 3
e s :.
40 3 L .
) e *% e .
£ 45 o« A PO N
> PP I .
= i LR,
z 100 Middle Sensor Middle Sensor Middle Sensor
o ”'v— — -
-5 Py, o L4
©
g 80 \“"‘"v_x =
60 W'\L
\W/
40 .
*
20
0
100 Bottom Sensor Bottom Sensor Bottom Sensor
T~ —ap — L~ s
80 \Nn,. o, Py
V‘—xwﬁ R
4\
60
A
40 .
20 .
0 L ¥
0 200 400 600 O 200 400 600 O 200 400 600
Time [Days]

Figure 7 Relative humidity histories for multiple locations for the USC beams, with comparisons between experimental data
and simulation results.

which is due to higher confinement in the concrete bulk in the x-direction than the y-direction. The average volumetric ASR
expansion from the simulations is compared in Figure [9]for the lightly and heavily confined regions in the beams. There are no
experimental data for the middle span, where there is heavy confinement, but the observed behavior of greater expansion in the
shear span is as expected due to the decreased confinement there.

4.2.2 | University of Texas beam

An RC beam tested at UT by Wald®3 was used here as another member-scale validation case. This beam had a 910 mm depth, 610
mm width, and 8,435 mm length and had the unique feature of only having biaxial reinforcement (longitudinal bars and vertical
shear stirrups but no lateral reinforcement, except for stirrups at its ends). This arrangement is relevant for RC containments,
which also are biaxially reinforced. Reactive cement and aggregate were used in the mix proportion to accelerate the ASR-
induced expansion in the beam. The mix proportion of concrete and hardened concrete properties are described in detail in3.
The beam was divided into three zones: A, B, and C, based on environmental conditions and reinforcement detailing. Zones
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Figure 8 Strain histories for the USC beams in the x- and y-directions (i.e. axial and vertical directions) at the middle of the
shear span, with comparisons between experimental data and simulation results.
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Figure 9 Time histories of volume-averaged expansion from simulations of the USC beams comparing behavior in the middle
span (high confinement) and shear span (light confinement).

A and B were periodically moistened, while Zone C was kept in constant wet conditions. Zone A was at the mid-span, away
from the stirrups, while Zones B and C were at the ends of the beam, near the stirrups. The beam was stored in an outdoor
environmental conditioning facility where the temperature was 5—10°C higher than the ambient temperature. The environmental
temperature and moisture history are shown in Figure[T0]

ASR expansion was monitored separately in each zone using calipers and vibrating wire gages. However, only readings from
the caliper were used in the present validation effort, as they were the main data source in the experimental study. The measure-
ments from the caliper provide four readings along the x and y directions and two readings along the z-direction. Reported strains
include contributions from all sources. The three zones with varying environmental conditions and reinforcement detailing are
shown in the finite element model of the beam in Figure [T} The beam is sliced in the z-direction to show the reinforcement
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Figure 10 Temperature and relative humidity histories recorded during the experiment for the UT beam during the testing period.

arrangement, which is symmetric about the z plane. In the BlackBear model, the beam span is divided into four blocks corre-
sponding to the ASR expansion measurement locations in Zones A, B, and C, and the rest of the span is assigned to the fourth
block. The results from the fourth block are not used for comparison purposes as no experimental observations are available for
that region. The modeling parameters for the beam are indicated in Table [4]

\

\

Headed bar

Longitudinal rebar

~ Shear stirrups

Figure 11 Finite element model of UT RC beam, showing the zones with varying confinement and environmental conditions.
The front half of the concrete is clipped by the z-plane to show the arrangement of rebar, modeled as truss elements.

The finite element model for this beam was set up in a manner similar to the USC beams, using properties defined in Table ]
Thermal boundary conditions were assumed to be spatially uniform over the entire beam; therefore, the temperature profile for
all zones and the environmental temperature overlap, as shown in Figure [10] Relative humidity boundary conditions for Zones
A and B are the same as the environmental relative humidity. For Zone C, relative humidity boundary conditions were assumed
to be 95% for the entire experiment duration to represent wet conditioning in that region.

Volumetric ASR expansion from the simulation in the three zones are compared with the experimental results from®> in
Figure[I2] The simulation predicts the ASR expansion reasonably well for the entire duration of the experiment. The simulation
captures the effect of differences in the environmental boundary conditions on ASR expansion in Zones B and C. ASR expansion
in Zones A and B are similar due to exposure to the same environmental conditions, while Zone C experiences greater ASR
expansion, both in the simulation and experiments, due to the elevated humidity conditions it was exposed to. Differences in the
response in Zones A and B due to proximity to the stirrups are minimal.

S | SUMMARY AND CONCLUSIONS

A thermo-hygro-mechanical model for ASR-induced degradation in RC structures has been integrated into a modern, open-
source, parallel computational framework, and validated against experimental data for RC specimens and members. This
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Figure 12 Time histories of volumetric expansion in Zones A, B, and C of the UT beam, comparing simulation and experimental
results.

numerical model simulates the ASR extent, expansion, and damage, which depend on the local temperature, moisture, confine-
ment, and stress state. The primary focus in this study was on the free expansion of RC specimens and members due to ASR,
with an emphasis on the confining effect of reinforcing bars.

For most of the validation cases considered, when the concrete ASR model is calibrated for similar environmental conditions
as the RC experiments, model predictions closely match the experimental observations, especially in the early stages of ASR.
However, in multiple cases considered here, the simulations tended to predict no further ASR expansion late in time after
ASR has saturated, while the experiments often indicate low rates of continued expansion. The models used here follow the
trend proposed by Larive®, which flattens out after ASR is complete. Wallau et al.*” showed that the ASR expansion model
proposed by Mukhopadhyay and Liu”® complies better with their experimental data. Such a model could be incorporated into
the framework developed here and is a topic for further study. Furthermore, while multiple experiments were simulated here,
this set of validation problems can be expanded to include a wider variety of conditions.

The validation cases considered here primarily test the model’s ability to predict ASR-induced expansion under a variety of
confining conditions. While the model employed here predicts damage and creep, both of which affect expansion, this aspect
of the model has not been directly validated against experimental results in this paper. Related to this, the effects of ASR on
structural capacity and ductility have also not been addressed here. Both of these are important topics for further validation
studies.
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