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Abstract: Idaho National Laboratory (INL) has been developing a fully coupled thermo-hydro-
mechanical-chemical (THMC) concrete model, referred as Grizzly, with the ultimate goal of
reliably simulating and predicting the long-term performance of concrete structures subjected to
various aging and degradation mechanisms. In this paper, we present a fully coupled concrete
model implemented in our Grizzly code for simulating coupled moisture/heat transfer, stress-
dependent ASR swelling and elastic/inelastic mechanics. Example simulation results and
preliminary model validation results against experimental data reported in the literature will be
provided also in this paper. The close matches between the simulation results and experiments
clearly reveal the potential of the fully coupled solution strategy for solving tightly coupled THMC
concrete models. We also present simulation results of using a rate-dependent damaging mechanics
model for simulating the ASR swelling induced degradation of concrete structures and its feedback
to moisture and heat transport processes.

1 INTRODUCTION

Long-term  degradation of  concrete
structures in nuclear power plants (NPPs) is
influenced by interacting physical (e.g.
freeze/thaw, elevated temperature, radiation),
chemical (e.g. slow hydration, leaching,
volume expansion reactions) and mechanical
(e.g. cracking, crushing) processes leading to
the changes of the microstructure of cement
constituents and the propagation of micro-
cracks [1-4]. Mechanical damage accelerates

the chemical degradation by improving the
transport properties of water and reactants (e.g.
porosity, permeability, reactive surface area).
The durability of concrete structures can then
be limited as a result of adverse performance
of its cement-paste matrix or aggregate
constituents (including reinforce wires, rebars
and strands) under either physical or chemical
attack. In practice, these different processes
may occur concurrently to reinforce each
other, leading to a tightly coupled thermo-
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hydro-mechanical-chemical multiphysics
problem that is computationally challenging
for engineering scale concrete structures. In
nearly all chemical and physical processes
influencing the degradation of concrete
structures, dominant factors include transport
mechanisms within the pores and cracks and
the presence of water.

Based on previous survey reports on
concrete degradation in nuclear power plants
and recommendations from other researchers,
alkali-silica reaction (ASR) and irradiation-
induced damage have been identified as
concrete aging mechanisms needing high-
priority research [1-4]. Alkali-silica reactions
(ASR) are chemical reactions involving alkali
ions and hydroxyl ions within cement pore
water and certain siliceous constituents that
may be present in aggregate materials and can
form a gel. As the alkali-silica gel comes in
contact with water, swelling occurs, causing
pressure that can lead to volumetric expansion,
which can then result in cracking, and could
eventually lead to complete destruction of the
concrete structures. ASR occurs at a higher
rate at elevated temperature. Accurate
modeling of ASR related degradation of
concrete structures requires a fully coupled
moisture/heat transfer and ASR swelling
model.

Bothh ASR  and  radiation-induced
volumetric expansion are highly dependent on
the temperature and moisture content of
concrete. We implemented a fully coupled
moisture/heat transfer model, ASR swelling
and rate-dependent damage mechanics model
in Grizzly code [5]. This implementation
includes a comprehensive set of constitutive
models describing transport properties of
concrete for moisture and heat, anisotropic
stress-dependent ASR swelling constitutive
model and a rate-dependent continuum
damage mechanics model. All variables such
as temperature, relative humidity, and
displacement fields are solved in a tightly
coupled Newton—like iteration procedure.

This paper provides descriptions of the
governing equations, simulation results of
demonstration problems and comparison
results with experimental data reported in

literature. The close match between the
experiments and  simulations clearly
demonstrate the potential of Grizzly for more
robust evaluations and predictions of the long-
term performance and response of aged
concrete structures. In particular, this paper
presents example simulation results of using a
rate-dependent damaging mechanics approach
for simulating the ASR swelling induced
degradation of concrete structures and its
feedback to moisture and heat transport
processes.

2 GOVERNING EQUATIONS AND
CONSTITUTIVE MODELS

2.1 Heat transfer model

The governing partial differential equation
for heat transfer in concrete is given by [6] and
[7] such as:

aT oW O0H
pC— = V(kVT) = CuJVT + Co 5o+ Q, (1)

where p = density in kg/m3 ; C is  specific
heat of concrete in J/kg/°C; T is temperature in
C; k is thermal conductivity of concrete in
W/m/OC; C, is mass density and isobaric
(constant pressure) heat capacity of liquid
water; J is moisture flux; W is the water
(moisture) content in g/g (for unit volume of
material; H is relative humidity; C, is the heat
absorption of free water in J/kg; OW/OH 1is
moisture capacity; Q is the heat source/sink in
wim’.

Various heat capacity and thermal
conductivity models, depending on the texture
of concrete, temperature and relative humidity,
were implemented in Grizzly code. Details of
those nonlinear constitutive models for heat
capacity and thermal conductivity can be
found in [5].

2.2 Moisture diffusion model

In Grizzly, a moisture diffusion model in
concrete based on the work of Xi et al. [8] was
implemented. This moisture diffusion model
simply lumps different phases of fluids in
concrete pores into an equivalent fluid
characterized by pore relative humidity H,
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which is related to pore vapor pressure P, via
H=P,/P,;, where P,; is the saturated vapor
pressure at a given temperature 7. Saouma et
al. [7] compiled and provided a comprehensive
set of constitutive models and parameters for
moisture diffusion in concrete structures,
which were implemented in the Grizzly code.
The governing equation for moisture diffusion
is

oW oH oW,

ﬁg = V(DhVH) + V(DhtVT) + ?, (2)
in which W is total water content in gram of
water/gram of concrete; H is pore relative
humidity, D, is moisture diffusivity (cm?/day),
Dy, 1s the coupled moisture diffusivity under
the influence of a temperature gradient; W, is
total mass of free evaporable water (grams of
water/grams of concrete) released into the
pores by dehydration of the cement paste. Both
moisture capacity 0W/0H and moisture
diffusivity D;, depend on relative humidity H.
Thus eq. (2) is highly nonlinear. Also it is
worth noting that since the relative humidity
strongly depends on the temperature 7, the
moisture diffusion model in Grizzly is always
coupled with heat transfer model described in
the previous section. Following Saumma et al.
[7], various moisture capacity and diffusivity
constitutive models were implemented in
Grizzly code [5].

2.3 Stress-dependent ASR swelling model

Saouma and Perotti [9] presented a
comprehensive ASR swelling model, and
considered the effects of stress on both the
ASR reaction kinetics and anisotropic
volumetric expansion, which perhaps is the
most scientifically rigorous and represents the
state of the art in modeling ASR expansion.
We implemented their stress-dependent ASR
anisotropic swelling model in Grizzly code.

Saouma and Perotti’s ASR swelling model
starts from a 1%-order ASR reaction kinetics
model that depends on both temperature and
the first invariant of the stress tensor as:

1+exp[-1, (0o f)/Tc(O)] dE _ .
() E+exp-TL(0.06.f)/Tc(0)] i 3)

in which ¢ is the ASR reaction extent ranging
from 0 (not reacted) to 1 (fully reacted), 4 is
the temperature (note that the symbol 8 is used
instead of 7) , and 7.(8) and t,(6,1, f.) are
expressed as

7e(8) = 7c(00) exp [Uc (5- 7]
1

, (4
7,0, 15, fo) = fUg, fc)T,(0,) exp [UL (% - 9_0)] @

representing the characteristic and latency
times of ASR reactions, respectively. Here 6
is the reference temperature (i.e., the
temperature at which stress-free ASR
experiments are carried out), I, is the first
invariant of the stress tensor, f. is the uniaxial
compressive strength of concrete, and U and
Uc are thermal activation energy constants for
the latency and characteristic times,
respectively.

During each global Newton iteration, eq.
(3) is numerically solved at each quadrature
point by a Newton-Raphson iterative
procedure, given the current temperature,
stress tensor and the reaction extent at the end
of the previous time step.

Once the new reaction extend ¢ is obtained,
then a procedure proposed by Saouma and
Perotti [9] that redistributes ASR volumetric
expansion along three principle stress
directions is then applied to compute ASR
principle swelling strains on the basis of
weight. These weights will control ASR
volumetric expansion distributions along
principal stress directions. Saouma and Perotti
[9] provides the details of procedure to
calculate ASR expansion weights with a given
stress state. In summary, the main features of
their anisotropic ASR swelling model
implemented in our Grizzly code include [9]:

e ASR expansion is constrained by
compression, and is redirected in other
less-constrained principal directions.
This will be accomplished by assigning
weights to each of the three principal
directions;

* Relatively high compressive or tensile
stresses inhibit ASR expansion due to
the formation of microcracks or
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macrocracks that absorb the expanding
gel;

* High compressive hydrostatic stresses
slow down the reaction;

e Triaxial compressive state of stress
reduces but does not eliminate
expansion.

Although Grizzly code has a reactive
diffusion module for ions through water filled,
connected pores within cement paste, which in
principle can be used to model reactions
between silicate and alkaline ions in pore
water such as sodium and potassium, the ASR
swelling model in Grizzly code actually
ignores such detailed mineral-solution
chemical reactions and takes eq. (3) to drive
the ASR reaction extent &, a phenomenological
approach instead. The main input parameters
for our ASR swelling model include
characteristic and latency times, 7.(6,) and
7,(8,), thermal activation energy constants Uy
and Uc, asymptotic free expansion volumetric
strain €. These input parameters collectively
determine the stress-dependent ASR reaction
kinetics (see [5] and [9] for more details).

Since ASR gel expansion also strongly
depends on the availability of water, Saouma
and Perotti [9] proposed a moisture-dependent
gel expansion reduction factor in the form of
H™, where H is the relative humidity and m is
an empirical constant. This moisture-
dependent gel expansion reduction factor was
also implemented into Grizzly code for
calculating ASR  volumetric  expansion.
However, in all the ASR examples given in
this paper, we assumed a constant and uniform
relative humidity of 1. Therefore, the effect of
relative humidity on ASR swelling was
essentially ignored in our ASR example
simulations in this paper.

2.4 Rate-dependent damage mechanics

In order to model the mechanical
degradation of engineering scale concrete
structures resulted from growth of microcracks
induced by ASR swelling, we implemented a
rate-dependent isotropic damage mechanics
model to model the softening behavior of
degraded concrete. Following Simo and Ju

[10], we define the following energy norm of
of the strain tensor:

F = [, (5)

in which ¥°(€) is the elastic strain energy of
the “undamaged” material at given strain €.
The damage criterion takes the following
functional form:

g(f, T') =7T- r, (6)

where 7 is the critical damage energy threshold
at current time. For rate-dependent damage
mechanics model, the evolution of the
isotropic damage variable d and critical
damage threshold r» are defined by the
following equations:

d= <g(@r)>P 6g(%~,r),r.‘ _ <g(@r)>P )
u ot u

in which < > operator denotes the McAuley
bracket (ramp) function; u is the viscosity, and
[ is the exponent. The rate-independent
damage can be reached as u is approaching 0,
while instantaneous elasticity response can be
approached as u is approaching infinity. Eq.
(7) is solved by a Newton-Raphson iteration
procedure on individual quadrature points.

The governing equation for solid mechanics of
the damage and undamaged concrete is

V-(1-d)o=0. (8)

In Grizzly code, the governing equations
(1), (2) and (8) are discretized by finite
element method (FEM) and implicitly solved
simultaneously to provide a fully coupled
solution for the relative humidity H and

temperature 7 and solid displacement field u,
using a Jacobian-Free Newton-Krylov (JFNK)
solution procedure [11]. The JFNK solution
approach to nonlinear problems has a similar
nonlinear convergence rate of the traditional
Newton’s method, but without explicitly
computing and storing the full Jacobian
matrix. Therefore, it has the advantage for
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solving large multiphysics problems, and is the
default solution method in Grizzly for
modeling coupled THMC processes in
concrete structures.

During each Newton-Krylov iteration, the
thermal and moisture transport properties such
as pC, k, oW /0H, Dy, ASR reaction extent ¢,

strain tensor ¢, damage state variables d and r,
stress tensor o are evaluated first on every
quadrature point within each element, given
the values of the temperature 7, relative
humidity H and displacements u from the last
Newton-Krylov iteration. These new material
properties are then used to calculate new
residual values for the current iteration, so that
the converged solution incorporates all
coupling effects between the physics.

3 NUMERICAL RESULTS AND
DISCUSSIONS

3.1 Validation of coupled heat and
moisture transfer model

An initial validation of the coupled
moisture diffusion and heat transfer model in
Grizzly is shown here. A detailed comparison
was made between simulation results and data
from a large-scale reinforced concrete heating
experiment (MAQBETH mock-up) performed
by the French Atomic Energy Commission
(CEA Saclay)[12]. The MAQBETH mock-up
is a reinforced hollow concrete cylinder with
inner and outer diameters of 1.0 and 2.2m,

respectively, and a height of 3m, as shown in
Figure 1.
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insulation
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Natural Convection & Radiation
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Figure 1. Geometric characteristics of MAQBETH
mock-up concrete hollow cylinder (a) (from [12]) and

! Ry
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1

schematic description of the experiment (b) (from [13])

This structure was heated to 200 °C from
the inside of the hollow cylinder and
maintained at 200 ° C for several hundred
hours. The outside surface of the concrete
cylinder was cooled by convective heat
transfer to the air, as shown in Figure 2, which
produced a significant thermal gradient in the
radial direction. Several sensors were placed at
a number of radial positions inside the
structure to measure the spatial and temporal
evolution of temperature, gas pressure and
relative humidity.
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Figure 2. Initial conditions and time history of boundary
conditions applied to the 2D axial symmetric model
(modified from [13]). The thermal loading history on
the inner surface is shown on the left.

Due to the axisymmetric nature of both the
concrete cylinder and the thermal boundary
conditions, it is appropriate to model it using a
2D axisymmetric representation. In addition, a
symmetry plane normal to the axial direction
can be employed. This approach was used in a
Grizzly model of this experiment. Figure 2
shows the initial and boundary conditions of
the 2D axial symmetric model used in our
simulation. The initial temperature T and

relative humidity H are 20 °C and 0.96,

respectively. A constant vapor pressure of
2,500 Pa is applied to both the inner and outer
surfaces for moisture diffusion. A convective
heat transfer boundary is applied to the outer
surface with a constant air temperature of 20
°C and heat exchange -coefficient /A=10
W/m?°C. The loading temperature as shown in
Figure 2 is directly applied to the inner surface
as prescribed temperature boundary condition.
The top and bottom surfaces are modeled as
insulated boundaries for heat transfer and no-
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flux boundaries for moisture transfer. Please
refer to [13] for the details of concrete
compositions.

Figures 3 and 4 shows the comparisons of
the temperature and relative humidity profiles
obtained from the experiment and simulation
at various times.
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Figure 3. Comparisons of radial temperature profiles at
various times between the simulation (lines) and
experimental measurements (symbols).
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Figure 4: Comparisons of radial relative humidity
profiles at various times between the simulation (lines)
and experimental measurements (symbols).

Both the simulated temperature and relative
humidity profiles are in reasonably good
agreement with the experimental results. As
shown in these two figures, as the inner
surface was heated up, the concrete near the
inner surface started to dry out, with reducing
moisture content and relative humidity.
Meanwhile, the strong nonlinear dependence
of moisture diffusivity on the relative humidity

leads to a large reduction of the moisture
diffusivity near the heated inner surface, which
strongly limits the outward diffusion of
moisture in the interior of the concrete.
Therefore a strong gradient in the relative
humidity (or equivalently moisture content)
exists near the heated inner surface, the
relative humidity is approaching 0, and near
the outer surface, the relative humidity also
exhibits a sharp gradient over a short distance
of about 1-2 cm. Grizzly exhibits very good
nonlinear convergence when solving this
highly nonlinear problem.

3.2 Validations of ASR swelling model

Multon and Toutlemonde [14] presented
experimental measurements of concrete
specimens subjected to ASR swelling under
various confinement and stress states to better
quantify the effects of stress on ASR
expansion anisotropy. These experimental
measurements are used to validate the
anisotropic ASR swelling model implemented
in Grizzly. In their experiments, cylindrical

concrete specimens of 130mm in diameter and
240mm in height are confined by stacks of

steel rings, as shown in Figure 5. In their
experiments, two types of steel rings, 3mm and

Smm in thickness, were used. The data
obtained from the tests using 3mm-thick steel

ring confinements were chosen to compare
against the simulations. Also it is worth noting
that because stacks of steel rings are used to
provide lateral confinements, the steel rings do
not provide any constraint to the movement of
specimens along the axial direction. A
frictionless contact model between the
specimens and steel rings is adopted in the
simulations to represent that condition. Three
levels of the applied axial loading stresses, 0,
10 and 20 MPa, are chosen from the
experiments to compare against simulations.
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Figure 5. Schematic description of Multon and
Toutlemonde’s ASR expansion experiments [14]: (left)

axial view and (right) plane view.

All tests were carried out under isothermal
conditions (room temperature) and constant
and uniform relative humidity H of 1.0 for all

specimens. All mechanical deformations of
specimens are induced by the axial stress (if
any exist) and ASR reactions. Readers please
refer to [5] for details of material parameter
values used in our simulations. Figure 6 shows
the comparisons between the simulated (lines)
and measured (symbols) lateral strains for all
three loading stresses under no confinement
condition. It is not surprising that the
simulated lateral strain under no axial stress
(free expansion) agrees very well with the
measurements since the ASR  model
parameters were calibrated against the data
measured from specimens under no axial
stress. The simulated lateral strain under 20
MPa axial load agrees reasonably well with
the measurements by using the same set of
calibrated ASR model parameters. However,
the match between the measured and simulated
lateral strains for 10 MPa axial load case is not
satisfactory at all by using the same set of
calibrated ASR model parameters. More
efforts will be needed to better calibrate the
ASR related model parameters against the
experimental data. It should be noted that more
comprehensive examinations of Multon and
Toutlemonde’s experimental data and the
ways how their data were processed and
presented will be necessary for further model
validation effort.
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Figure 6. Comparisons of the measured and simulated
lateral strains of specimens without lateral confinement

under three axial loads, 0, 10 and 20 MPa.

Figure 7 shows a detailed comparison of
simulated and measured lateral strains for the
specimens confined by 3mm thick steel rings
and subjected to 10 and 20 MPa axial loading
stresses. For the case of 10 MPa axial stress,
the simulated lateral strain agrees with the
experimental very well. This is not surprising
since the model was calibrated to the data
measured at 10 MPa axial stress. When using
the same set of parameter values to simulate
the experiments with 20 MPa axial stress, a
reasonably  satisfactory match to the
experimental data is still obtained.
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Figure 7. Comparisons between the simulated and
measured lateral strains for confined specimens at 10
and 20 MPa axial loading stresses.

3.3 Example coupled heat/moisture
transfer, ASW swelling and continuum
damage mechanical problem

In this section, following Ulm et al. [15],
we used a synthetic gravity dam to
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demonstrate the capability of Grizzly code for
fully coupled implicit solutions to coupled heat
transfer, moisture diffusion, stress-dependent
ASR swelling and continuum damage
mechanics processes and degradation of
engineering scale concrete structures. Figure 8
shows the FEM mesh and initial/boundary
conditions of the problem.

[

I Upstream: T=8°C; H=1.0
i Downstream: T=15°C; H=0.25
Initial: T=8°C; H=1.0

T 1T

52m

41m

Figure 8. Structural dimension, FEM mesh, and
boundary/initial conditions of a concrete gravity dam.

The downstream temperature is 7 degrees
higher than the upstream temperature. The
parameters of the ASR swelling model are
taking the same values as Ulm et al. [15].
Figure 9 shows the simulated temperature,
relative humidity, ASR reaction extent,
vertical stress at time of ~7 years, prior to the
occurrence of singificant damage due to ASR
swelling.

The temperature profile reaches steady state
after 1-2 years. The relative humidity remains
essentially unchanged within in interior of the
dam after 7 years. Only the downstream side is
dried up, very close to the surface. This is not
surprising since the moisture diffusivity is
small for undamaged concrete under these
temperatures. Also in the region near
downstream, ASR reaction occurs at much
higher rate compared with that within the
interior and upstream of the concrete, due to
the higher temperature near the downstream
surface. The ASR swelling is counter balanced
by the tensile stress in the structure ahead of
the ASR reaction front.
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Figure 9. Simulated (upper-left) temperature, (upper-
right) relative humidity, (lower-left) ASR reaction
extend and (lower-right) vertical stress fields at 7 years.

Figure 10 shows simulated damage and
vertical stress fields at the time of ~8.2 years,
when significant damage induced by ASR
expansion is observed in simulation results.
The simulated damage pattern 1is very
consistent with the stress field prior to the
occurrence of the damage. The mostly
damaged region within the concrete dam is
ahead of the ASR reaction front. Damage
releases the tensile stress within the dam.
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Figure 10. Simulated (left) damage and (right) vertical
stress fields at time of ~8.2 years.

Figure 11. shows the moisture diffusivity
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and relative humidity fields at ~8.2 years. The
damage process has significantly influenced
the moisture diffusivity and transfer process.
Notice the small moisture diffusivity right next
to the downstream surface. This is because of
the low relative humidity specified at the
downstream surface.

Figure 11. Simulated (left) damage and (right) vertical
stress fields at time of ~8.2 years.

4 SUMMARY

The moisture/heat transfer model was
implemented to simulate long-term spatial and
temporal evolution of the moisture and
temperature fields within concrete structures at
both room and elevated temperatures. The
ASR swelling model implemented in Grizzly
simulates anisotropic expansions of ASR gel
under either uniaxial, biaxial and triaxial stress
states, and can be run simultaneously with the
moisture/heat transfer model and coupled with
a rate-dependent damage mechanics model.

The simulation results of various example
problems and preliminary model validation
studies clearly demonstrate the potential of
these concrete models in Grizzly for
assessment of long-term aging processes and
the response of aged concrete structures.

The results presented here represent an
initial effort to wvalidate transport and ASR
expansion models in conjunction with their
development. More rigorous validation efforts
are needed to ensure that these models and the
parameters used with them provide reliable
simulations of real-world concrete degradation
scenarios, especially as more sophisticated
models with more coupling between physics
are developed.
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