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Abstract: Details are presented of the development of a coupled modeling simulator for assessing the
evolution in the near-field of a geological repository for radioactive waste disposal where concrete is
used as a backfill. The simulator uses OpenMI, a standard for exchanging data between simulation
software programs at run-time, to form a coupled chemical-mechanical-hydrogeological model of
the system. The approach combines a tunnel scale stress analysis finite element model, a discrete
element model for accurately modeling the patterns of emerging cracks in the concrete, and a finite
element and finite volume model of the chemical processes and alteration in the porous matrix and
cracks in the concrete, to produce a fully coupled model of the system. Combining existing detailed
simulation software in this way with OpenMI has the benefit of not relying on simplifications that
might be necessary to combine all of the modeled processes in a single piece of software.
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1. Introduction

The assessment timescales associated with geological disposal concepts for high-level radioactive
waste and long-lived intermediate level and low-level wastes necessitate the long-term modeling of
the near-field engineered barrier system (EBS) in order to demonstrate long-term safety of disposal
(e.g., Carter et al. [1]). Interactions between engineered materials, the host formation and in situ
groundwaters, together with the heat generated by the disposed waste, drive evolution within the
system throughout the assessment period. To demonstrate a good understanding of the expected
evolution of the disposal system and to help to understand risks associated with conceptual and
parametric uncertainties, it is necessary to represent in models, at a sufficient level of detail, the couplings
between the thermal, hydrogeological, mechanical and chemical (THMC) processes that control
these interactions.

Traditionally, disposal system performance has been evaluated using models in which the actual
design is stylized and/or simplified, usually to meet the requirements of being compatible with
existing modeling tools and approaches or with existing data. This approach is not always suitable
for evaluating the impact of different site conditions and engineering designs on the performance
of geological disposal systems because the time-spatial representation of the model may have been
simplified, or the model input parameters may have been set very pessimistically. Disposal facilities
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constructed in deep geological formations will take time to evolve towards a long-term stable state.
Often, the only way to reflect this change in a stylized and simplified model is to set the input
parameters very conservatively from the start.

In order to reflect differences in site conditions and engineering designs and to conduct a more
realistic and reliable performance evaluation of geological disposal systems in the long-term it is
therefore necessary to have a method for evaluating changes in geological disposal systems over a
wide range of time and spatial scales, and to reflect these changes when assessing the potential nuclide
migration within the site. In this paper, we attempt to address some of these issues by first focusing on
the detailed representation of physical processes in models at the near-field scale.

In the performance evaluation of geological disposal, models that represent individual important
phenomenon, or small subsets of relevant phenomena, are typically used to develop simulations.
However, between the individual phenomena that make up the geological disposal system behavior,
there are potentially positive and negative feedback loops (e.g., chemical-mechanical-mass transport
feedbacks). Chemical interactions between pore waters and porous materials (e.g., cements, clays,
host rocks and the waste form itself if containment is breached) can lead to the variation in time
of chemical properties such as pH and Eh and concentrations of key solutes, which can affect the
thermodynamic stability of materials. Disequilibrium between pore waters and porous materials will
cause dissolution and/or precipitation of primary and secondary minerals, with subsequent alteration of
porosity leading to modified rates of diffusive and/or advective transport of solutes, whose availability
will control overall rates of chemical change. Stresses can develop in solid phases due to development
of expansive secondary minerals (e.g., corrosion products) or modification of mechanical properties
due to chemical and/or porosity alteration, which can contribute to deformation and cracking of
materials such as concrete. When a crack occurs, it will affect the groundwater flow and therefore the
mass transport and the subsequent chemical state along the new crack pathway. This may promote
further change of physical properties and therefore induce further localized mechanical structural
changes. Since these feedbacks are nonlinear, it is not possible to determine the behavior of the entire
system by combining the results of individual phenomenon simulations of all individual barriers
within the EBS. Additionally, since phenomena arising on macroscopic scales, such as cracking, will be
affected by and will themselves affect phenomena occurring at the scale of the whole facility, such as
groundwater flow and mechanical deformation, it is necessary to model the EBS at multiple scales.

Several reactive transport modeling tools, such as PHREEQC [2], PFLOTRAN [3] and Geochemist’s
Workbench [4], are in common use in the radioactive waste disposal modeling community. These are
not ‘single phenomena’ tools, since they include several complicated coupled processes. However,
these tools are not currently capable of simulating the detailed mechanical interactions that are required
in order to predict the onset, location and geometry of cracking of cements alluded to above, with the
associated coupled effects on groundwater flow that would arise. Similarly, standard stress analysis
tools such as Abaqus [5] and COMSOL Multiphysics® [6] are not currently capable of simulating the
detailed reactive transport that gives rise to alteration in material properties, and also tend to only
model macroscopic development of stress and are not typically used to predict crack geometries.

There are various reasons why computer models typically only attempt to model a subset of
the potential process couplings. Firstly, different numerical discretization methods are typically
favoured for different processes. The finite volume (FV) framework is convenient for simulating
transport processes, including reactive transport process, due to the inherent local mass balance that it
provides (e.g., [7]). On the other hand, mechanical processes in continuous materials have historically
been found to be well represented using finite element (FE) methods (e.g., [8]), although at smaller
scales the discrete element method (DEM) has been found to be an effective approach for modeling
discontinuous materials, or the cracking of continuous materials as they become discontinuous, and is
capable of predicting the geometry of any potential cracks (e.g., [9]). Secondly, due to the differing
complexity of solving for different process, the degree of refinement that can be afforded in grids
is different for different physical processes. Crudely speaking, some processes are easier to solve
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than others, and so can be solved on a more refined grid in acceptable run times. As an added
complication, some software will include grid refinement capabilities (e.g., [10]), allowing either fronts
(regions where solution gradients are greatest), or discontinuities that develop in the underlying
media to be better represented. Thirdly, focusing on a select subset of processes and couplings allows
optimized numerical solution approaches to be used, whereas for general ‘multi-physics’ simulations,
only generic solution approaches are typically applicable. Again, combining different time stepping
approaches in a single computer model is not impossible but would add undesirable complexity,
and some method would be needed to handle the ‘out of step’ transfer of information between the
processes to represent couplings. Lastly, including many physical processes and their couplings in a
single software application complicates the process of development and maintenance.

Much time has been invested in developing tailored computer software for solving problems of
relevance to the radioactive waste disposal community involving subsets of the processes listed above.
Often, they target only a single process, but because of this can offer great flexibility in terms of the
parameterization of the model and the solver options that are available, so that a sufficiently complex
problem can be represented and reliably solved in an acceptable time. Ideally, some benefit, other than
just the intellectual knowledge gained in the development of these codes, would be obtained from the
investment so far when attempting to develop new computer models that include additional processes
and couplings. Future modeling simulators would benefit most obviously from these existing codes if
they could be used directly without modification.

In this paper, details are presented of the development of a coupled modeling simulator,
using OpenMI [11], for modeling the evolution in the near-field engineered barrier system for
disposed radioactive waste. OpenMI is a software interface standard that allows pre-existing computer
models to be coupled at run-time through the exchange of data to represent process couplings.
The simulator has been applied to a geological repository design for transuranic (TRU) waste that is
based on the Japanese disposal concept [12], and preliminary results on the development of cracks in
the engineered barrier are presented. The simulator is extensible and could in future be supplemented
with components to address specific modeling needs of other disposal concepts.

The example application of the coupled modeling focusses on simulating the coupled chemical-
hydro-mechanical (CHM) evolution of the entire TRU Group 3/4 EBS [12]. It does not currently include
coupled effects of thermal evolution processes, although these could be added in a future update,
given the extensible approach that has been followed. The future inclusion of thermal processes might
be expected to modify physical property values and rates of reaction, but general trends of behavior
are likely to be similar. The example simulates the expected cracking of the cementitious backfill,
the subsequent evolution of the cracks and reactive transport of solutes through them, their chemical
interactions with the nearby backfill and the effect of these interactions and potential feedbacks.

The structure of the paper is as follows. In Section 2, an overview is given of OpenMI and of the
simulation tools GARFIELD-CHEM, MACBECE and DEAFRAP that have been coupled using OpenMI
in the current work. In Section 3, a description of the GARFIELD-CHEM reactive transport software is
given. This is a new simulation tool that has been developed in the current work to specifically cope
with the need to model the transport and reaction of solutes in domains that can undergo cracking.
Section 4 provides details of the MACBECE and DEAFRAP mechanical analysis software. In Section 5,
details of the application of the model to the Japanese disposal concept for TRU waste is given and
results of the modeling are presented in Section 6. High-level outcomes of the approach are discussed
in the conclusions in Section 7.

2. Modeling Software Used and Coupling with OpenMI

One possibility for allowing pre-existing computer models to be used as building blocks in the
development of more complex simulation tools is to include them in a modeling framework that
supports the exchange of data between models at run-time in order to represent process couplings.
For example, a thermal model in such a framework could make the temperature in all locations in a
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modeled domain available to a second model in the framework. Provided that the second model had a
capability for inputting a spatially- and time-dependent temperature then it would not need to solve for
the temperature itself. If the model did not have such a capability, then it would be relatively easy to add,
compared to the additional effort that would be required to add a thermal model and solver. This would
provide useful added functionality to the second model, allowing temperature-dependencies of its
input parameters to be represented, and the combined framework would be capable of representing a
coupling that neither model could represent individually. Furthermore, if the spatial data exchange did
not require each model to be using the same underlying grid to represent the domain, then different
degrees of grid refinement could be used in each model. Each model in the framework could continue
to use its own numerical discretization and time integration approaches, which would be optimized for
its particular purposes. The framework would be required to coordinate calls to each model to solve
for a particular ‘global’ time step and exchange data at appropriate times, at a frequency sufficient to
represent the details of the coupling. A framework that possessed these capabilities would address
most of the issues discussed earlier regarding the development of highly coupled models.

Frameworks such as that described above can be constructed using available software tools,
such as OpenMI [11]. OpenMI is a standard that defines a set of software interfaces that allow models
to exchange data at run-time. It was originally developed to simplify the linking of models used in
surface hydrology simulations and was initially funded by the HarmonIT European Commission
Fifth Framework Project. Computer models that implement the necessary OpenMI interfaces are
OpenMI compliant and can, without any additional programming, be configured to exchange data
at run-time. An advantage of this approach to coupling is that each model in the coupled system is
likely to have undergone separate verification of their process modeling capabilities, so that the only
additional verification that should be necessary would relate to the new code to integrate the model in
the OpenMI system.

The coupled simulator that has been developed combines three computer modeling codes
MACBECE (Section 4.1), DEAFRAP (Section 4.2) and GARFIELD-CHEM (Section 3). In order to
describe the coupling with OpenMI that has been implemented, brief details of the three computer
codes are given below.

MACBECE (Mechanical Analysis considering Chemical transition of BEntonite and CEment
materials) [13–15] is a software application, written in Fortran, that has been developed to calculate the
long-term mechanical behavior of the TRU tunnel and uses a finite element discretization approach.
Although focused on mechanical modeling, and specifically not including any capabilities for modeling
chemical evolution, the inputs to MACBECE can be parameterized in terms of the degree of chemical
alteration of the repository components. For example, the mechanical properties of cement features can
be characterized in terms of the porosity and the leaching of key minerals, which will vary as the cement
undergoes reactions with the in situ groundwaters (e.g., due to changes in pH, carbonate concentration
and temperature). MACBECE represents the effect of corrosive expansion of steel materials in the waste
form and the effect of rock creep in its stress calculation, but it can only estimate the number of cracks
that may arise in each modeling element when materials become overstressed and cannot directly
calculate the patterns and connectivity of these cracks, which will ultimately control subsequent flow
and transport through the material.

DEAFRAP (Discrete Element Analysis for FRActure Propagation) [9] is a second mechanical
modeling application, written in Fortran, that is used in the coupled system and is based on the
discrete element method. While MACBECE is used to calculate mechanical loadings and stresses at
the TRU tunnel scale, DEAFRAP is used at discrete locations within the tunnel to predict the patterns
of emerging cracks, using the displacements calculated by MACBECE as boundary conditions at the
smaller scale. The discrete element method is a numerical simulation method that can be used to
model the bulk behavior of granular materials. It represents media using a large number of small
particles. The approach taken is similar to that used in molecular dynamics simulations, but takes
into account particle shapes and contact forces, and includes rotational degrees of freedom. It is
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particularly suited to the purpose of crack prediction, since it allows discontinuities to develop between
particles (e.g., [9]). DEAFRAP is also parameterized in terms of the degree of chemical alteration of the
repository components in a similar way to MACBECE.

GARFIELD-CHEM (Grid Adaptive Refinement FInite ELement Discretization—for CHEMistry)
is a C++ software application for simulating reactive geochemical transport. It has been designed
to model various processes of relevance to the chemical evolution and alteration of the TRU EBS
system, including thermodynamic equilibrium between aqueous solute species (basis and complex
species, in the usual reactive transport modeling terminology), kinetic dissolution and precipitation
of primary and secondary minerals, kinetic treatment of ideal solid solutions and coupled porosity
alteration. It uses a mixed finite element discretization, allowing mineral species to be modeled
discontinuously in space, in order to respect solid composition discontinuities at media interfaces
within the system, while modeling solute concentrations continuously in space. In the finite element
grid, diffusive transport is simulated, with transport parameters being parameterizable in terms of the
evolving porosity.

The domain represented by the finite element grid in GARFIELD-CHEM is assumed to be
continuous. However, time-dependent cracking patterns can be specified, and represented in
GARFIELD-CHEM. For this, GARFIELD-CHEM uses a separate finite volume crack model for
simulating flow, advective transport and thermodynamic equilibrium of aqueous solutes in a crack
network. The crack model is fully coupled to the grid model for porous media transport and reaction.
Diffusion between the crack model and the underlying finite element grid cells is represented to allow
interaction between crack porewaters and matrix porewaters and solid phases. The finite element grid
can also automatically adapt to track solute concentration fronts in the porous media, which allows
heterogeneous (liquid-solid) interactions to be modeled more accurately.

The three computer programs, MACBECE, DEAFRAP and GARFIELD-CHEM, initially
being standalone applications, were modified to make them ‘OpenMI linkable components’ [11].
The modification process takes the form of developing a thin ‘wrapper’ layer that implements
OpenMI interfaces, allowing the wrapper to communicate within the OpenMI framework, and convert
instructions from OpenMI into native instructions that are passed on to the models. The key instructions
essentially inform the solver engines to initialize, to perform a timestep (for which the model chooses
an appropriate step size, it is not imposed), to return the current time, to set input parameter values
and to get output data values. The wrapping layer for each model declares the input and output
data exchanges that each model either accepts or provides. More details on the wrapping of existing
programs to make them OpenMI linkable components is given in [11].

The wrapped models are managed within the OpenMI framework by a controller application that
is responsible for configuring the input and output data connections between the models at run-time,
allowing a coupled representation of the processes that occur within the whole system to be defined.
The GUI controller application, referred to as the ‘OATC Configuration Editor’, from the OpenMI v1.4
reference implementation [16] was used to build the coupled process model using the three OpenMI
compliant DLLs, by defining the data exchanges to be performed.

OpenMI uses a ‘pull mechanism’ approach to data exchange [11]. Components pull (request) the
data that they need (model parameters or boundary conditions) in order to perform a timestep from
another component that provides it (as an output). The arguments of the pull mechanism specify the
locations and times for which a component requires the data. The model receiving the request for data
will perform timesteps until the data can be provided at the requested time and may request any data
that it needs to perform the step from other models that can provide it. The pull mechanism therefore
results in a chain of requests for data which lead to timesteps being performed in order to calculate the
requested data.

Each component is responsible for determining the appropriate time step size to attempt and can
base this on the state of any internal variables or can simply take a fixed time step. Internally, the model
engine may take smaller timesteps, for example in order to satisfy stability criteria for the numerical
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time stepping methods that they implement, but it will only return output data values via OpenMI
corresponding to the time step defined at the component level. The component level step therefore
does not affect the accuracy of the solutions from each model, but it does determine the frequency of
exchange of data with other models and therefore does control the ‘system-level accuracy’ with regard
to the coupling between the models.

The input and output data exchanges that are accepted as input or provided as output by each
model in the coupled TRU system model are as follows:

• GARFIELD-CHEM
provides as output: chemically-altered porosity, θchem(x, t) (−); and the leaching ratio Ci(x, t)/Ci,0
data, where Ci (mol/kgw) is the concentration of the ith mineral species that is simulated,
for i = 1, . . . , Nm, where Nm is the number of mineral species that are simulated; accepts as input:
effective diffusion data, De f f (x, t) (m2/s), which overrides the in-built effective diffusion model;
and information regarding timings and locations of cracks that appear in the system, fluxes of
water through them and details of crack growth.

• MACBECE
provides as output: displacement data; and De f f (x, t) based on mechanical porosity change; accepts
as input: θchem(x, t); and Ci(x, t)/Ci,0 data, which it uses to parameterize material properties.

• DEAFRAP
provides as output: timing and locations of cracks that appear in the system and details of
crack growth. accepts as input: θchem(x, t); Ci(x, t)/Ci,0 and displacement data.

These information exchanges between the three models are shown schematically in Figure 1.
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GARFIELD-CHEM and MACBECE are ‘tightly’ coupled using the automatic OpenMI pull
mechanism to form a coupled C-M model of the TRU tunnel system. DEAFRAP calculations are
computationally expensive and so are not appropriate for direct inclusion in the tightly coupled loop.
Instead, DEAFRAP is included in a ’loosely’ coupled loop as follows.

At each MACBECE calculation step in the GARFIELD-CHEM-MACBECE loop, stresses are
monitored. MACBECE is used to perform continuum mechanical analysis using the finite element
method, while DEAFRAP uses the Discrete Element Method to identify locations and patterns of
crack formation. When threshold stresses are encountered that are expected to lead to crack formation
or to the growth of previously identified cracks, the tightly coupled GARFIELD-CHEM-MACBECE
loop is paused. The displacement computed by MACBECE are then passed into DEAFRAP in order
to confirm the emergence of cracks and to determine their locations, or to compute the growth of
previously identified cracks. Cracks are only of interest to GARFIELD-CHEM if they are found to
connect with the boundary of the TRU tunnel (where natural host rock groundwaters will be present),
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since before this time they will not be advective and will not connect with groundwaters that are not
already in equilibrium with the cementitious materials. If one or more cracks is found to connect with
the tunnel boundary, then the location and dimensions of the cracks are passed to GARFIELD-CHEM,
using OpenMI. GARFIELD-CHEM then constructs a crack network model to represent the cracks,
and the porous media grid is adaptively refined to resolve the locations of the cracks to a specified
resolution, so that diffusive chemical alteration in the cement matrix neighboring the cracks can be
represented to required spatial accuracy. The GARFIELD-CHEM-MACBECE tightly coupled loop is
then restarted and continues until threshold stresses are again encountered in the MACBECE stress
monitoring, when the tight loop is paused again and the DEAFRAP analysis is repeated. The detail of
the relation between MACBECE and DEAFRAP will be described in Section 4.3.

3. The GARFIELD-CHEM Reactive Transport Simulator

Some more detail is given here of the GARFIELD-CHEM software. GARFIELD-CHEM is used
to solve for the reactive transport of solutes in the various media components comprising the TRU
tunnel system.

3.1. Reactive Transport Equations

The set of aqueous solute species, S, that are included in the model is partitioned into basis and
complex species. Basis species represent the fundamental ‘building blocks’ of the chemical system,
with all other aqueous complex species and minerals in the system being expressible as reactions
involving only basis species (see, e.g., [17]). The basis species and complex species concentrations in the
pore water are denoted bi (mol/kg), i = 1, . . . , NB, and ci (mol/kg), i = 1, . . . , NC respectively, where NB

and NC are the number of basis and complex species that are included in the model. Minerals species
concentrations per unit volume of solid are denoted mi (mol/m3), i = 1, . . . , NM. The total concentration
of basis species i, Bi (mol/kg), is given by:

Bi = bi +
∑NC

j=1
αi jc j (1)

Here, αi j is the stoichiometry of basis species i in the reaction for complex species j, when expressed
purely in terms of basis species.

The reactive transport equations are then given by:

∂
∂t
(ρθchemBi) = ∇ ·

(
ρDe f f∇Bi − ρqBi

)
−

∑NM

k=1
βikRk i = 1, . . . , NB (2a)

K j =
[
c j
]−1 ∏NB

i=1
[bi]

αi j j = 1, . . . , NC (2b)

dmk
dt

= Rk k = 1, . . . , NM (2c)

Here, ρ (kg/m3) is the density of the pore fluid (assumed constant), θchem is the porosity available
for transport, De f f (m2/s) is the effective diffusion coefficient of the porous medium, q (m/s) is the Darcy
velocity, βik is the stoichiometry of basis species i in the reaction for mineral k, when expressed purely
in terms of basis species, Rk (mol/m3/s) is the rate of reaction per unit volume (positive for precipitation
and negative for dissolution) of mineral k, and K j (−) is the thermodynamic equilibrium constant for
complex species j. [ai] (a = b, or c) denotes the activity of aqueous species and is given by [ai] = γiai,
where γi is the activity coefficient. Equation (2a) is a conservation equation for the total concentration
of the basis species, incorporating transport of solutes and source/sink terms arising due to mineral
dissolution/precipitation. The use of the total concentration in the equation arises as a consequence of
assuming that the aqueous complex species are always in instantaneous thermodynamic equilibrium
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in the porewater. Equation (2b) is a mass action equation for the complex species reactions and
Equation (2c) models the change in mineral abundance due to dissolution and precipitation.

The appropriate method of calculating activity coefficients depends on the application being
considered. For very dilute solutions, the approximation γi = 1 is sometimes made. In dilute systems
up to a few tenths molal, the Davies model is reasonably accurate (see e.g., [18]). For solutions up
to ~3 molal the B-dot model (e.g., [19]) is applicable, and the Pitzer model [20] can be used for more
concentrated solutions.

The rate of reaction per unit volume, Rk of mineral species is expanded as:

Rk = R̃kAkWkmk (3)

where R̃k (mol/m2/s) is the specific rate of reaction per unit area of mineral k, Ak (m2/g) is its specific
reactive surface area and Wk (g/mol) is its molar weight. It is usually the case that R̃k is defined in
models assuming transition state theory (TST), where the rate of reaction is expressed in terms of the
magnitude of the porewater chemistry’s departure from equilibrium between reactants and products
in the mineral hydrolysis reaction. However, alternative models, including directly imposed rates of
dissolution or precipitation can be applied.

Effective diffusion is modeled using Archie’s law [21] to couple rates of diffusion to the porosity,
which evolves due to the degree of chemical alteration of the pore space, and is given by:

De f f (θ) = De f f ,0

(
θ
θ0

)m

(4)

where De f f ,0 (m2/s) is the initial effective diffusivity or the intact material with porosity θ0 and m (−) is
a cementation factor.

Mineral precipitation and dissolution in the medium will lead to chemical alteration at a rate

dθchem
dt

= −
∑NM

k=1
RkVk (5)

where Vk (m3/mol) is the molar volume of mineral k.
GARFIELD-CHEM uses the globally implicit approach to solving the reactive transport

Equations (1)–(5) [17]. The IDA solver from the SUNDIALS solver suite [22] is used to solve
the coupled system of equations.

GARFIELD-CHEM has a secondary run mode, referred to as GARFIELD-RNT. In this mode,
the software can reload the time-dependent outputs of a previous simulation, including porosity and
pH evolution and the time-history of the grid, and can replay this history while simulating transport
of radionuclide species that leach from the waste form, and which can undergo decay and ingrowth,
retardation and solubility limitation, and whose transport properties can be parameterized in terms
of the reloaded chemical evolution (in particular as functions of porosity and pH). The approach of
reloading the results of the (computationally intensive) coupled CHM simulation allows the simpler
radionuclide transport calculation to be performed repeatedly to undertake sensitivity analysis.

3.2. Discretization

Initially, all components in the TRU domain are assumed to be modeled as continuous porous
media. At later times, cracks will develop in the cementitious materials, so that the modeled domain
becomes a combination of porous media and cracks. The reactive transport Equations (2a)–(2c) are
solved in both the porous media and in the cracks that emerge. Solutes are assumed to be transported
by diffusion in the porous media regions and by advection in the cracks.

Mineral reactions are only modeled in the porous media. The reason for excluding mineral
reactions in the cracks is that as minerals precipitate the cracks may become clogged, which would
inhibit transport of solutes and potentially reduce solute transport rates to zero if the cracks were to
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become fully clogged. Assuming that no mineral reactions take place in the cracks therefore implies
that the cracks remain open and ‘fully transmissive’, which is conservative from both the perspective
of maximising the amount of interaction of the cementitious materials in the TRU tunnel with the
host rock groundwaters that enter the cracks, which is likely to lead to maximal loss of mechanical
strength (and therefore promote further cracking), and from the perspective of maximising rates of
transport of radionuclides from the waste form in any subsequent radionuclide transport modeling.
Mineral alteration processes within cracks in cementitious media has been considered in other studies,
e.g., [23], where the precipitation and dissolution of minerals in single cracks is fully coupled to the
rates of advective transport in the cracks to derive timescales for clogging. These rates can be reflected
in the current model by setting time-dependent flow rates (as snapshots) in the crack model, i.e., a fully
clogged crack leg would be assigned a zero flow rate.

The diffusive transport and reaction of solutes in the porous media domain is solved using mixed
Q1-DG0 finite elements [8]. Q1 elements are used to model the continuous solute concentrations
throughout the domain, while the DG0 discontinuous Galerkin elements are used to model the mineral
concentrations, which can be discontinuous at interfaces between materials. The Deal.II finite element
library [24] is used in the software for the implementation of the finite element calculations and for
management of the grid.

Deal.II includes routines for adaptive local grid refinement based on error estimators that identify
regions in which the solution varies most greatly or is discontinuous. These routines are used to
automatically track alteration fronts in the porous media based on error estimators for the solute species.
Regions in which solute concentration gradients vary most greatly are likely to coincide with regions
in which minerals are undergoing the most rapid alteration. Automatically refining the grid in such
regions, while coarsening it in regions where gradients are small, will lead to a more realistic shape of
alteration at interfaces between materials, while maintaining a manageable number of nodes within
the grid. For example, Figure 2 shows the pattern of alteration of a square quartz block centred in a
domain with a fixed low silica concentration source at the left boundary. The low silica concentration
source is expected to gradually dissolve the quartz block. After refinement steps at successive times,
the rounding or the corners of the quartz block that would be expected in such an experiment is seen
in the model. In contrast, if grid refinement had not been performed, the model would predict uniform
dissolution across the whole block at a slower rate than is observed in the refined cells near the corner.
Additionally plotted in the figure is the dissolved silica concentration, showing how the grid tracks
gradients in the solute concentrations to identify the regions for refinement.

During refinement, neighboring cells in the grid can be refined different numbers of times.
This results in nodes on the interfaces between cells that belong to a cell on only one side, which are
referred to as ‘hanging nodes’. This can be seen in Figure 2. Since continuity of the solute species
concentration across cells must be maintained, constraint equations are set at these nodes to ensure
continuity. Essentially the solution at the hanging node is set to be an average of the concentrations
at the neighboring nodes on the common interface, which would match the midpoint concentration
of the Q1 element solution in the larger neighboring cell. The same simple averaging approach is
used for all solute species, which includes both basis and complex species, which means that the mass
action Equation (2b) is not expected to be satisfied at hanging nodes. This will lead to small errors
with respect to the thermodynamic system in the computed aqueous species concentrations at hanging
nodes, however this is not expected to impact greatly upon the overall solution and is acceptable given
the added realism in the solution that is provided by the adaptive gridding.

The timing and location of cracks that appear in the modeled domain can be specified directly in
the GARFIELD-CHEM input file or can be defined at run-time via OpenMI. Regardless of the way in
which the cracks are specified, they are represented in the software as collections of crack legs that
are connected at junctions, as shown in Figure 3. The crack model is separate from the grid used to
simulate the porous media portions of the domain. Crack legs are allowed to bifurcate in the direction
of flow, but not recombine. Each crack leg is piecewise linear, and within each leg a constant volumetric
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flow rate is assumed over each timestep. Crack flow rates can be updated at discrete times during the
evolution of the system (again either via the input file or at run-time using OpenMI). Subscript index
notation i, j is used to indicate crack legs Li, j that bifurcate from preceding leg Li (where the index i can
itself be a tuple). Thus, the number of values in each index reflects the number of times that the crack
pathway has bifurcated to reach the leg (minus one). For example, in the crack pathway illustrated in
Figure 3, the pathway bifurcates twice before the crack leg L0,1,1 is reached.Crystals 2020, 10, x  10 of 33 
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crack legs.

If the volumetric flow rate in crack leg Li is vi (m3/s) and if the leg bifurcates into n further legs,
then the volumetric flow must be conserved across the junction, so:

vi =
∑n

j=1
vi, j (6)

GARFIELD-CHEM does not calculate flow rates and only checks that the relationship (6) is satisfied.
Solute fluxes between the finite volume crack model and porous media finite element grid model

are represented in the software. The resulting interactions are expected to lead to alteration of minerals
adjacent to the cracks, and so GARFIELD-CHEM automatically adapts the grid when cracks are
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imposed to resolve the crack locations to within a specified tolerance, xtol. The grid adaption algorithm
in this case is different to the front tracking algorithm discussed earlier and proceeds as follows.
The crack pathway is overlaid on the grid and cells that the pathway intersects are identified, as shown
in Figure 4. The cells intersected by the pathway are repeatedly refined until the cells that the crack
intersects become sufficiently small; the cells are refined until

dcell
wcrack

< xtol (7)

where dcell (m) is the diameter of the cell (the largest diagonal of the cell), wcrack (m) is the width of the
crack. The process results in successively refined cells closer to the crack, as shown in Figure 4.Crystals 2020, 10, x  12 of 33 
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intersected by the pathway are repeatedly refined until the cells that the crack intersects become
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The software allows separate set of media transport properties (i.e., diffusion coefficients) to be
specified for cells that are ultimately intersected by cracks, in order to represent micro-cracking damage
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at scale below that which can be represented directly. These properties will ultimately control rates of
transport between the crack and the grid cell, as discussed below.

Once the grid is refined to resolve the crack pathways to the required resolution, the crack pathway
is refined into segments such that each segment intersects only one grid cell, as shown in Figure 4.
The notation L(n)

i is used to indicate the nth segment in the ith crack leg (where i is a tuple). The crack
refinement algorithm proceeds by splitting each leg at the points where they intersect the grid cell
boundaries to define the segments and then computes the length of each segment.

Advection of all solute species (basis and complex species) is modeled in the crack pathway, as
well as thermodynamic equilibrium of complex species. No mineral dissolution/precipitation reactions
are assumed to occur in the cracks, as discussed earlier. Instead, upscaled interactions are represented
by crack-grid interactions in the cracked grid cells. Thus, in the cracks the system Equations (2a)–(2c)
is solved, with Rk = 0.

The transport in the crack pathway is modeled using a finite volume approximation to simulate
transport. In a given crack pathway segment, denoted with index k, the transport of the ith reactive
basis species is given by

Vk
d
dt

b(k)i +
NC∑
j=1

αi jc
(k)
j

 = S(k)i + QUP
k

bUP(k)
i +

NC∑
j=1

αi jc
UP(k)
j


−

∑
SEG∈DOWNSTREAM(k)

QSEG
k

bSEG
i +

NC∑
j=1

αi jcSEG
j

, i = 1, . . . , NB

(8)

Here, Vk (m3) is the volume of the crack segment with index k (k = crack width × segment length ×
domain thickness, QUP

k (m3/s) is the volumetric flow rate immediately upstream of the crack pathway
segment with index k, and DOWNSTREAM(k) denotes the collection of segments that are downstream
of the segment with index k (there can be more than one when the segment with index k is the final
segment in the leg before a bifurcation point), with QSEG

k denoting the downstream volumetric flow

rate in each segment in DOWNSTREAM(k). The term S(k)i (mol/s) is a source/sink terms representing
transfers between the grid and the crack segment with index k, which is defined as follows.

By construction, each crack segment intersects a single grid cell, and therefore the source/sink
term S(k)i represents the transfer between a single grid cell and a single crack segment. The geometry
of the interaction is sketched in Figure 5 for a single grid cell. The grid cell is assumed to have volume
VG (m3) and to be intersected by a crack with width WC (m) with corresponding crack segment length
LS (m).

Crystals 2020, 10, x  13 of 33 

 

The transport in the crack pathway is modeled using a finite volume approximation to simulate 
transport. In a given crack pathway segment, denoted with index 𝑘, the transport of the 𝑖th reactive 
basis species is given by 

𝑉 𝑑𝑑𝑡 𝑏( ) + 𝛼 𝑐( ) = 𝒮( ) + 𝑄UP 𝑏UP(k) + 𝛼 𝑐UP(k)  

− 𝑄SEG 𝑏SEG + 𝛼 𝑐SEGSEG∈DOWNSTREAM(k) , 𝑖 = 1, … , 𝑁  

(8) 

Here, 𝑉  (m3) is the volume of the crack segment with index 𝑘 (k = crack width × segment 
length × domain thickness, 𝑄UP (m3/s) is the volumetric flow rate immediately upstream of the crack 
pathway segment with index 𝑘, and DOWNSTREAM(k) denotes the collection of segments that are 
downstream of the segment with index 𝑘 (there can be more than one when the segment with index 𝑘 is the final segment in the leg before a bifurcation point), with 𝑄SEG denoting the downstream 
volumetric flow rate in each segment in DOWNSTREAM(k). The term 𝒮( ) (mol/s) is a source/sink 
terms representing transfers between the grid and the crack segment with index 𝑘, which is defined 
as follows. 

By construction, each crack segment intersects a single grid cell, and therefore the source/sink 
term 𝒮( ) represents the transfer between a single grid cell and a single crack segment. The geometry 
of the interaction is sketched in Figure 5 for a single grid cell. The grid cell is assumed to have volume 𝑉  (m3) and to be intersected by a crack with width 𝑊  (m) with corresponding crack segment 
length 𝐿  (m). 

 
Figure 5. Geometry of crack-grid transfer for a single grid cell with volume 𝑉  (m3) intersected by a 
crack of width 𝑊  (m) and segment length 𝐿  (m). 

Transport between the crack and the grid is assumed to be diffusive, with diffusion coefficient 
controlled by the diffusive resistance of the media in the grid cell. The diffusive flux from the crack 
to the grid for a reactive chemical basis species is given by: 

𝒮( ) = 𝐴( ) 𝐷 (𝜃 )𝐿 𝑏( ) + 𝛼 𝑐( ) − 𝑏( ) − 𝛼 𝑐( )  (9) 

where 𝐴( ) (m2) is the crack surface area in the grid cell (=2 × 𝐿 × domain thickness), 𝐷  (m2/s) 
is the diffusivity in the crack grid media, which depends on the grid cell porosity, 𝜃 , 𝐿  (m) is the 
diffusion length in the grid cell, and 𝑏( ) and 𝑐( ) (mol/kg) are the concentration of the 𝑖th basis 

species and the 𝑗 th complex species in the segment and 𝑏( )  and 𝑐( )  (mol/kg) are the 
corresponding quantities in the grid cell. The diffusion length in the grid cell is taken to be the half of 
the grid cell diameter (which is equal to the length of the largest diagonal). 

Figure 5. Geometry of crack-grid transfer for a single grid cell with volume VG (m3) intersected by a
crack of width WC (m) and segment length LS (m).



Crystals 2020, 10, 767 13 of 31

Transport between the crack and the grid is assumed to be diffusive, with diffusion coefficient
controlled by the diffusive resistance of the media in the grid cell. The diffusive flux from the crack to
the grid for a reactive chemical basis species is given by:

S
(k)
i = A(k)

CG
DG(θG)

LD

b(k)i +

NC∑
j=1

αi jc
(k)
j − b(G)

i −

NC∑
j=1

αi jc
(G)
j

 (9)

where A(k)
CG (m2) is the crack surface area in the grid cell (=2 × LS × domain thickness), DG (m2/s) is the

diffusivity in the crack grid media, which depends on the grid cell porosity, θG, LD (m) is the diffusion
length in the grid cell, and b(k)i and c(k)j (mol/kg) are the concentration of the ith basis species and the

jth complex species in the segment and b(G)
i and c(G)

j (mol/kg) are the corresponding quantities in the
grid cell. The diffusion length in the grid cell is taken to be the half of the grid cell diameter (which is
equal to the length of the largest diagonal).

4. Effects of Chemical Alteration on Mechanical Parameters

4.1. Modeling in MACBECE

MACBECE [13–15] is capable of long-term mechanical analysis of various barrier materials,
such as bentonite, metals, rocks and cement. It was developed to allow the effects of the mechanical
alteration of the barrier materials on the long-term transitions of the hydraulic field of the near field to
be inferred in order to develop more reliable safety assessment models. Cracks in cement materials in
the TRU Gr 3/4 tunnel are expected to be generated mainly by corrosion swelling of metal materials,
such as the steel containers surrounding the waste, and rock creep of the host formation. The connected
crack pathway would strongly affect the water flow and the alteration behavior of cement materials.

For the rock materials, the variable compliance type constitutive model proposed by Okubo [25]
was adopted to evaluate the rock creep.

Metal materials are modeled using corrosion swelling elements in MACBECE. The corrosion
swelling is expressed by applying the swelling pressure to the metal element as equivalent nodal
force. The swelling pressure of the metal materials is calculated from the corrosion swelling rate and
the rigidity of the material. Since the actual corrosion occurs on the surface of the metal material,
the swelling is assumed to be anisotropic, depending on the thickness of the metal member. Therefore,
the corrosion swelling rate in MACBECE is given separately in horizontal and vertical directions to
consider the anisotropic corrosion swelling (see Appendix A).

Cement materials are considered to deform due to external force from corrosion swelling of
metal materials and rock creep, while reducing its rigidity and strength according to the progress
of alteration such as porosity change and calcium leaching. To represent this behavior like strain
softening, a nonlinear elasticity model (e.g., [26]) is included in the model.

The rotating crack model [27] and an iterative calculation method for stress redistribution are
applied to calculate the strain softening behavior due to reduction of strength and rigidity associated
with chemical alteration. In the rotating crack model, a crack occurs when the minimum principal stress
of an element reaches tensile strength. The crack generation behavior and the change of mechanical
properties due to the failure are expressed in the continuum elements by reducing the rigidity of the
element in the direction perpendicular to the crack.

The deformation and the stress state at a time step in MACBECE are calculated by solving
the balance of forces considering the material property changes. Chemical transitions of each
barrier material that cause the change of the mechanical properties and the operating forces due
to additional deformation in the materials are given as input data from other calculation software
(i.e., GARFIELD-CHEM).
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4.2. Modeling in DEAFRAP

DEAFRAP is a two-dimensional mechanical modeling application based on the discrete element
method (DEM) [15]. The details of the fundamental DEM algorithm can be found in [9,28,29].

In DEAFRAP, an intact cement material is modeled as a dense packing of small rigid circular
particles. Neighboring particles are bonded together at their contact points. If the normal tensile
stress or shear stress acting on the cross-section of the bond exceeds the tensile strength or the shear
strength, the bond breaks and tensile force never act on the contact point between two particles after
the breakage unless the particles become reconnected due to subsequent chemical bonding. Individual
bond breakage between bonded particles is defined as a microcrack. A microcrack is generated at
the contact point between two particles. In 2D, the direction of a microcrack is perpendicular to
the line joining the centres of the particles, and its aperture is calculated as the distance between
the two particles. Neighboring microcracks may connect with each other and form a longer crack.
These connected microcracks are defined as connected crack pathways in the DEAFRAP simulation.

4.3. Relation between MACBECE and DEAFRAP

The rotating crack model used in MACBECE does not recognize each crack individually because
it models the behavior of the element containing the cracks as a continuum. In contrast, DEAFRAP
can directly represent the grain-scale microstructural features of materials, such as pre-existing flaws,
pores and microcracks. These microscale discontinuities induce complex macroscopic behaviors,
such as crack generation, propagation, separation and merging, that are independent of complicated
constitutive laws. However, the detailed crack analysis by DEAFRAP (and all DEM tools) can be time
consuming, and so it is difficult to simulate the entire TRU Gr 3/4 EBS system in acceptable times.
Therefore, based on the result of mechanical analysis by MACBECE, DEAFRAP is applied only to the
region where the occurrence of cracks has been identified. The displacement calculated by MACBECE
is given as the forced displacement to the outer boundary of the DEFRAP model.

Although DEAFRAP itself has no function to calculate chemical alteration such as porosity
change, the temporal and spatial distribution of porosity obtained from GARFIELD-CHEM can be
taken as input data. From the particle arrangement of the DEAFRAP model, the continuous porosity
distribution is converted to the porosity of each particle. The rigidity and strength of bonded particles
are changed according to the porosity. The relationship between porosity and mechanical parameters
in DEAFRAP is calibrated to be consistent with that in MACBECE.

In an actual cement material, it can be considered that generated cracks may become filled
by mineral precipitation and the cracks repaired by the solidification over time. To represent this
phenomenon, the porosity at the crack position is recorded at the time of bond breakage in DEAFRAP.
The crack is repaired, and the particles are reconnected when the value of porosity reduction at that
position reaches a specified value.

5. Application to TRU Gr3/4

5.1. GARFIELD-CHEM Model

The disposal tunnels in the example application of the TRU Gr 3/4 design feature a large
cementitious backfill, whose main function in the safety case is to condition the porewater at a high pH to
inhibit corrosion of the steel containers surrounding the waste, and to provide mechanical load-bearing
capacity. The backfill is expected to exhibit self-sealing capabilities and to limit radionuclide leaching
and transport through sorption, following late-time failure of the metal waste containers. The concrete
backfill is expected to provide some capacity to limit the rate of groundwater flow, and hence the release
rate of radionuclides after failure of the containers. However, there is a current lack of understanding
of the processes governing its long-term degradation and so the potentially low permeability of the
backfill is not explicitly accounted for in the current safety case. where it is treated pessimistically,
by considering it as a porous media with a permeability similar to sand [12]. A better understanding
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of the degradation process may allow this pessimistic simplification to be made more realistic in future
safety analyses.

The simple geological repository design for transuranic (TRU) waste based on the Japanese
disposal concept [12] is shown in Figure 6. The backfill, invert, inner liner and outer liner components
are all cementitious, with mineral compositions as shown in Table 1.
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Figure 6. Cross-section of the TRU Gr 3/4 tunnel design (a) and half system that is modeled with
GARFIELD-CHEM, showing the initially coarse grid at t = 0 year (b). The grid is constructed using
quadrilateral elements and was computed using GMSH [30].

Table 1. Composition of cementitious features in the model. Minerals with zero initial concentration in
the materials are treated as potential secondary minerals.

Mineral Waste (mol/m3) Backfill/Invert/Inner Liner/Outer Liner (mol/m3)

Brucite 0 0
Calcite 0 0

CSH165 * 1734 1318
CSH105 * 0 0

Portlandite 2142 1628
Porosity (−) 0.19 0.13

* CSH165 or CSH105 is a C-S-H phase with ratio Ca/Si = 1.65 or 1.05.

Thermodynamic parameters used in the modeling of the Gr 3/4 EBS materials in GARFIELD-CHEM
are described in Appendix A.

The initial porewater in all tunnel materials was assumed to be identical, with composition as
shown in Table 2. This composition was obtained assuming that fresh, reducing high pH (FRHP)
groundwater [31] is in equilibrium with the cement material. External water compositions are also
shown in Table 2 and were assumed to be present at the outer boundary, and at the upstream end of any
cracks that emerge in the system and were obtained by equilibrating FRHP groundwater with calcite.

The external water is not applied directly to the tunnel boundary, since the in situ porewater at
the boundary will arise as a consequence of mixing between the cementitious water diffusing from the
tunnel and the host rock groundwater. Directly applying a host rock water on the tunnel boundary
would therefore be too ‘aggressive’ in terms of the chemical alteration that can be expected in the liner
regions. A mixing cell condition is therefore applied adjacent to the tunnel boundary, where the two
waters are allowed to react. A turnover flow rate of host rock groundwater of 3× 10−9 m/s is assumed,
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corresponding to an assumed head gradient of 10−2 m/m perpendicular to the modeled domain, and a
hydraulic conductvity of the (engineering damaged) rock region adjacent to the tunnel of 3× 10−7 m/s
(defined as 100 times larger than that of host rock). The mixing region has a width of 50 mm.

Table 2. Water compositions. The external water is based on a calcite-equilibrated calculation with
FRHP water [31] and the initial porewater is equilibrated with the cement material for Backfill (Table 1).

Initial Porewater (mol/kg) External Water (mol/kg)

pH 13.49 8.46

C 3.83 × 10−4 3.54 × 10−3

Ca 7.09 × 10−4 1.09 × 10−4

K 2.51 × 10−1 6.15 × 10−5

Mg 2.15 × 10−9 5.00 × 10−5

Na 2.19 × 10−1 3.55 × 10−3

Si 1.18 × 10−5 3.39 × 10−4

The parameterization of effective diffusivity (Equation (4)) used in the model is shown in Table 3.
m is a cementation exponent and models how the pore network affects diffusivity. A separate
parameterization of the diffusivity model is used in cells that contain cracks. This allows the effect of
micro-cracks, that are below the scale of the dominant cracks that are modeled, to enhance diffusion.

Table 3. Transport properties.

Uncracked Cracked

Deff,0 m Deff,0 m

Waste 1.79 × 10−11 3.05 4.64 × 10−10 1.00
Backfill/Invert/Inner Liner/Outer Liner 4.51 × 10−12 3.05 2.95 × 10−10 1.00

The diffusion model can be overridden at run-time via OpenMI, allowing MACBECE to specify an
effective diffusivity based on a combination of the degree of chemical alteration and on the computed
mechanical displacement.

The strain-porosity component model for cement materials is shown in Figure 7. θc [-] is the
porosity value calculated by GARFIELD-CHEM (i.e., θchem(x, t)), εv [-] is a volumetric strain (positive
value for compression). The model assumes that aggregate material is incompressible so that the
porosity value after distortion (θ′c) can be calculated as follows,

θ′c = (θc − εv)/(1− εv) (10)

The θ′c value is used in GARFIELD-CHEM to recalculate the effective diffusion coefficient using
Archie’s law (Equation (4)).

For the analysis shown in Section 6, mechanical distortions were found to account for less than
1% of the total porosity. Since this has a negligible effect on the effective diffusion, the coupling to
update De f f based on the mechanical evolution was omitted from the model to simplify the coupling
in the current analysis. However, it can be reintroduced easily if it is found to be more significant in
future applications.

The TRU Gr 3/4 tunnel geometry (Figure 6) was modeled as a half-system, assuming symmetry
about the vertical axis. The initial grid that is used, which was computed using GMSH [30], is shown
in Figure 6. The initial grid is intentionally coarse, with some cell sizes being tens of centimetres.
As cracks appear, automatic grid refinement around the crack locations will lead to a finer grid in
regions that are expected to undergo the most alteration, thus focussing computational effort in the
regions of greatest relevance to potential pathways for long-term radionuclide transport.
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Figure 7. Strain-porosity component model for cement materials. θc is the total porosity calculated in
GARFIELD-CHEM, Vc is the percentage volume occupied by incompressible aggregate (non-porous)
and θp is the corresponding porosity in the porous media fraction of the total volume. After volumetric
strain εV is applied, porous media components are distorted and total porosity and porous media
porosity are reduced, while the aggregate volume remains constant.

5.2. MACBECE Model

The domain considered in the MACBECE stress analysis model of the TRU Gr 3/4 tunnel is shown
in Figure 8. To represent the evolving stresses and displacements in the tunnel system it is necessary to
include a large region of host rock surrounding the tunnel, and also to represent the internal structures
in the waste form. The grid used in the tunnel region is also shown in Figure 8. A combination of
quadrilateral and triangular elements is used in the finite element model.

The analysis conditions and parameters used in the MACBECE model are described in Appendix A.
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5.3. DEAFRAP Model

The analysis conditions of DEAFRAP are based on a case presented in [32]. That analysis aimed
to simulate crack generation for the whole-tunnel (Figure 8) and did not consider any direct coupling
to a chemical process model. In the modeling presented here, the domain considered by DEAFRAP is
not the whole tunnel, but is instead a “corner” region of the tunnel (Figure 9). This corner region is
identified by MACBECE, in the coupled loop with GARFIELD-CHEM, as being the region in which
the density of cracking is expected to be greatest. Further details are given in Section 6.1.

In the DEAFRAP analysis, displacement data on the boundary must be imposed. These data are
derived from the MACBECE analysis. The mechanical parameters for each material is the same as for
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the MACBECE analysis (Section 5.2). The treatment of chemical alteration information in DEAFRAP
is also the same as for MACBECE, that is, the porosity values calculated by GARFIELD-CHEM are
assigned to the corresponding DEM particles.
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left (from [32])) and DEAFRAP system for coupled analysis, showing DEAFRAP particle
properties (right).

Figure 9 provides details of the number of DEM particles in the DEAFRAP model and
their dimensions.

6. Results

Results of a preliminary application of the coupled modeling framework are presented. The results
cover the period up to identification of the first crack that fully penetrates the backfill, and a 2000 years
period thereafter.

6.1. Before Cracking

6.1.1. Chemical Alteration

In this section, results are shown for the period up to 10,000 years. As will subsequently be
explained, full penetration of cracks from the waste region to the host rock was found to occur at
10,000 years, and so the results in this section describe the evolution of the TRU Gr 3/4 system prior
to cracking.

Prior to cracking, reactive transport within the system is diffusion-limited and so the most
significant alteration is expected to occur at the interface between the tunnel and the host rock, where the
largest porewater chemistry gradients are present. This can be seen in Figure 10, which shows profiles of
calcite, CSH165 (the primary C-S-H phase with ratio Ca/Si = 1.65) and portlandite at 0 and 10,000 years.
A front of calcite, which is initially assumed to not be present in the cement regions, precipitates
to a depth of 0.15 m due to the supply of carbonate-rich water from the host rock. Calcium for the
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calcite precipitation is mostly liberated from portlandite dissolution and a smaller amount of CSH165
dissolution, due to the lower pH of the host rock pore water. Portlandite is dissolved beyond the calcite
precipitation front, to a depth of 0.30 m, with corresponding precipitation of CSH165 in the region.
This alteration is uniform along the boundary with the host rock, as would be expected due to the
symmetry of the boundary conditions.
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Figure 10. Profiles at 0 years (top) and 10,000 years (bottom) of: (a) calcite, (b) C-S-H 165 and
(c) portlandite.

6.1.2. Porosity Alteration (Chemical) and Effective Diffusion Coefficients

Profiles of porosity and effective diffusion at 0 and 10,000 years are shown in Figure 11. The porosity
alteration is calculated purely from chemical alteration (dissolution and precipitation of minerals)
by GARFIELD-CHEM; mechanical displacements are not considered. As mentioned in Section 5.1,
the coupling of the effective diffusion to mechanical displacement was not considered because the
mechanical distortion effect accounts for less than 1% of porosity. Therefore, all porosity evolution in
the current analysis arises purely as a consequence of chemical alteration.

By 10,000 years, the porosity value in the outermost 0.15 m is increased from 13% to ~20%, due to
the portlandite dissolution. As noted above, calcite precipitation occurs in this region, but the net effect
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of the alteration is to increase the porosity. The porosity in the region from 0.15–0.30 m is decreased by
~4%, due to the precipitation of CSH165.
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Figure 11. Profiles at 0 years (top) and 10,000 years (bottom) of porosity (a) due to chemical alteration
calculated by GARFIELD-CHEM, and effective diffusion coefficients (b).

6.1.3. Crack Distribution

Crack aperture distributions calculated with MACBECE at 5000 and 10,000 years are shown in
Figure 12. The crack aperture calculation assumes that calculated distortions result in a single crack
per cell. The plots are repeated with the maximum value on the crack aperture scale set to 1 mm and
0.1 mm (i.e., cracks with apertures larger than this size are shown at the maximum plotted aperture).
The cracks concentrate in the North-East corner region, with some cracks appearing to fully penetrate
the backfill region by 10,000 years. Therefore, the corner region at 10,000 years is selected as a region
for detailed cracking analysis with DEAFRAP.
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Figure 12. Distributions of crack apertures obtained with MACBECE with a maximum plotted aperture
of 0.1 mm at 5000 years (a) and 10,000 years (b). Cracks with apertures larger than 0.1 mm appear to
penetrate the backfill by 10,000 years.

The corresponding DEAFRAP analysis is shown in Figure 13. Again, plots are shown with
maximum plotted crack apertures of 1 mm and 0.1 mm. The DEAFRAP results confirm that fully
penetrating cracks are expected by 10,000 years and identifies potential cracking patterns and pathways.
Extraction of continuous crack pathways from the model is discussed in the next section.
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Figure 13. Distributions of crack apertures obtained with DEAFRAP with a maximum plotted aperture
of 0.1 mm at 5000 years (a) and 10,000 years (b). Cracks with apertures larger than 0.1 mm appear to
penetrate the backfill by 10,000 years.

The corresponding DEAFRAP analysis is shown in Figure 13. Again, plots are shown with
maximum plotted crack apertures of 1 mm and 0.1 mm. The DEAFRAP results confirm that fully
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penetrating cracks are expected by 10,000 years and identifies potential cracking patterns and pathways.
Extraction of continuous crack pathways from the model is discussed in the next section.

6.1.4. Extraction of Backfill-Spanning Cracks

Using the result of the DEAFRAP cracking analysis, a continuous crack pathway from the waste
form that fully penetrates the backfill region is identified. The extracted crack is shown in Figure 14.
The aperture of the crack identified in the analysis is taken to be 0.89 mm, as the 99th percentile value
of the selected continuous cracks.

In the current version of the modeling system, identification of the crack pathway is performed
using a separate script that identifies connected crack sections to form an overall path from the waste
region to the outer boundary.
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6.2. After Cracking

6.2.1. Hydraulic Analysis

Since a half-system is modeled by symmetry it is assumed that once a crack pathway is identified
that joins the waste region to the host rock, an analogous pathway will join the waste to host rock on
the other side of the tunnel, which is assumed to be the upstream side. Advective conditions will then
arise in the model, with water flowing through the cracks in the half of the system that is modeled.

Using the extracted crack geometry, a hydraulic analysis is carried out using the FEMWATER
v3.0.5 software [33] to solve for the saturated flow conditions in the tunnel taking into account the
separate permeabilities of the waste, cement, EDZ and rock regions in the domain. The transmissivity
[m2/s] of the crack is calculated from the crack aperture using the cubic law arising from assuming
Poiseuille flow conditions in the crack [34],

T =
(2b)3ρg

12µ
(11)

where ρ (kg/m3) is the fluid density, g (m/s2) is gravitational acceleration, µ (Pa s) is viscosity, and 2b
(m) is the crack aperture.
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6.2.2. Mesh Refinement after Cracking

In order to continue the coupled analysis between GARFIELD-CHEM and MACBECE following
identification of the crack, the crack pathway location, aperture and volumetric flow rate are passed to
GARFIELD-CHEM. The parameters are summarized in Table 4.

Table 4. Summary of crack parameters passed to GARFIELD-CHEM following the DEAFRAP and
FEMWATER analysis.

Parameter Value

Crack aperture 0.84 × 10−3 (m)
Volumetric flux 1.16 × 10−10 (m3/s)
Crack geometry Piecewise linear pathway based on Figure 14.

The volumetric flow rate is obtained in the separate analysis described above. The crack in the
half of the domain that is modeled provides a transport pathway from the waste to the host rock.
The flow rate through the pathway from the hydraulic analysis determines the volumetric flux that is
applied in the GARFIELD crack model.

Figure 15 shows the GARFIELD-CHEM grid after refinement for the crack information summarized
in Table 4. Note that the grid cells around the cracks are refined until the size of the “cracked cell” is
smaller than 0.114 m (100 times larger than the crack aperture). This choice of scaling factor will control
the accuracy of the diffusive transfers between the finite volume crack model in GARFIELD-CHEM
(in which the precise crack geometry and aperture is used) and the porous media grid, and will also
control the number of grid cells that arise, and therefore the numerical complexity. The actual cell size
depends on the shape of the neighboring cells, and in this example application the size of the cracked
cells is mostly a few centimeters.
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The water composition at entry points to the crack pathway is the same as the “External Water” in
Table 2. Therefore, it is assumed that fresh water flows directly into the crack pathway, conservatively
ignoring any cement buffering in the upstream half of the tunnel.

6.2.3. Chemical Alteration

Preliminary results of the subsequent reactive transport and alteration following the appearance
of the crack are shown in Figure 16; Figure 17 at 12,000 years (2000 years after appearance of the crack).
The grid outline has been removed in these figures to aid visibility. The corresponding grid can be seen
in Figure 15. A front of portlandite dissolution emanates from the waste form (Figure 16b), where the
fresh water enters the cementitious backfill and reaches a depth of approximately 10 cm into the
matrix. A corresponding calcite precipitation pattern is seen (Figure 16d), whose extent into the cement
matrix is not as extensive as the portlandite dissolution front (analogous to the portlandite dissolution
front that emerged at the interface between the tunnel liner and the host rock in the early evolution,
Section 6.1). CSH165 is largely unchanged during the 2000 years period (Figure 16c), in contrast to the
early evolution when CSH165 precipitation in advance of the calcite front was seen. This is possibly a
consequence of the reduced availability of the more rapid removal of cementitious water along the
advective crack pathway compared to the diffusive mixing at the tunnel liner interface with the rock
in the early evolution. pH is not significantly reduced and only falls by ~0.2 close to the waste form
(Figure 16e).
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6.2.4. Porosity Alteration (Chemical)

Figure 17 shows the porosity distribution at 12,000 years (2000 years after the appearance of the
crack). In the vicinity of the waste region, the porosity close to the crack pathway is only marginally
reduced, since the porosity increase arising from the portlandite dissolution is mostly compensated for
by precipitation of calcite. Deeper into the matrix there is a net porosity increase surrounding the crack
pathway where portlandite dissolution has occurred without any compensating mineral precipitation.

7. Conclusions

Modeling of coupled processes associated with geological disposal concepts for radioactive waste
is complicated by the fact that it is difficult to include all relevant processes in a single simulation
code. There is a large body of existing simulation software that is used in radioactive waste assessment
modeling that is tailored to modeling one or a small number of physical processes, but different
numerical approaches to discretization, different gridding strategies and resolutions and different
numerical time stepping methods are often used to simulate the processes. Ideally, some method of
combining these existing tailored codes would be available to allow coupled models of systems of
interest to be formed.

An approach to developing simulators for geological disposal concepts by coupling existing
modeling software has been presented that uses the OpenMI standard to allow exchange of data
between models at run-time. Existing mechanical models, MACBECE and DEAFRAP, have been
coupled to a new reactive transport simulator, GARFIELD-CHEM, that incorporates both a finite
element component for simulating reactive transport in a porous media grid and a coupled finite
volume crack network model component, with grid refinement allowing cracked regions to be more
finely resolved. GARFIELD-CHEM and MACBECE are coupled tightly in an OpenMI loop to allow
parametric dependence of mechanical properties on the degree chemical degradation (characterized
by the degree of porosity alteration and mineral leaching) and chemical properties on the degree of
mechanical alteration (characterized by the dependence of effective diffusion on displacements) to
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be represented. DEAFRAP is used to assess cracking patterns when the stresses and displacements
calculated by MACBECE are expected to be sufficient to lead to cracking, or assess growth of existing
cracks, and the resultant cracking patterns are used to define crack networks that are subsequently
imposed in GARFIELD-CHEM before the tightly coupled chemical-mechanical model is resumed.
The resulting coupled model allows the chemical-mechanical-mass transport feedbacks that control
the onset and development of cracking of the cement backfill to be simulated.

The benefits of combining existing detailed simulation software with OpenMI to construct detailed
coupled system models, which do not rely on significant simplifications that might be necessary
to combine all of the modeled processes in a single piece of software, has been demonstrated by
simulating the cracking of the cement backfill in the Gr 3/4 concept based on the Japanese disposal
concept for disposal of TRU waste [12]. Preliminary results are presented that demonstrate the effect of
the coupling up to and beyond the onset of cracking. Further application will be undertaken in future
to simulate the effect of the cracking over the entire assessment period to attempt to better understand
the nature of the backfill degradation process. It is hoped that such analysis will allow greater realism
in future assessments by better representing the potentially beneficial properties of cement barriers,
as opposed to their pessimistic treatment in historical safety cases.

The coupling approach using OpenMI is generic and potentially has wider application in the
radioactive waste modeling community for combining existing software to form coupled models of
systems of relevance in order to help to understand the effects of couplings that would otherwise be
difficult or expensive to represent in a single computer model.
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Appendix A

Appendix A.1. Thermodynamic Parameters for GARFIELD-CHEM Analysis

Primary and secondary mineral thermodynamic data used in GARFIELD-CHEM simulations
is given in Table A1. All minerals are simulated kinetically using TST reactions, parameterized as
shown in Table A1. The porewaters throughout the domain were modeled as a Ca-CO3-Si-Mg system,
using thermodynamic data as shown in Table A2. The modeled chemical system is intentionally a
simplified one, since the primary aim of the modeling is to test the approach to coupling the various
models. It is hoped that more comprehensive chemical systems may be included in future work.

Table A1. Thermodynamic, molar volume and kinetic rate data for primary and secondary cement
minerals. All data is taken from JAEA-TDB v1.07 [35].

Mineral Reaction Molar Volume
(cc/mol)

Log K
(25 ◦C)

Reaction Rate
(mol m−2 s−1)

Specific Surface
Area (m2/g)

Brucite Mg(OH)2 + 2H+ = Mg2+ + 2H2O 24.630 17.1018 5.75 × 10−17 10

Calcite CaCO3 + H+ = Ca2+ + HCO−3 36.934 1.8487 6.30 × 10−6 0.02

CSH165
(CaO)1.65(SiO2)(H2O)2.1167 + 3.3H+ =

1.65Ca2+ + H4SiO4(aq) + 1.7667H2O
77.406 28.8407 3.63 × 10−9 22.43

CSH105
(CaO)1.05(SiO2)(H2O)1.5167 + 2.1H+ =

1.05Ca2+ + H4SiO4(aq) + 0.5667H2O
62.131 15.4797 1.10 × 10−11 62.48

Portlandite Ca(OH)2 + 2H+ = Ca2+ + 2H2O 33.060 22.8002 1.00 × 10−6 10.44
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Table A2. Thermodynamic data for complex solute species. Basis species the model are H2O, H+,
Ca2+, HCO−3 , H4SiO4(aq) and Mg2+. All thermodynamic data is taken from JAEA-TDB v1.07 [35].

Aqueous Species Reaction Log K (25 ◦C)

OH− OH− + H+ = H2O 13.9951
CaCO3(aq) CaCO3(aq) + H+ = Ca2+ + HCO−3 7.0017

CaOH+ CaOH+ + H+ = Ca2+ + H2O 12.8501
CaHCO+

3 CaHCO+
3 = Ca2+ + HCO−3 −1.0467

CO2(aq) CO2(aq) + H2O = H+ + HCO−3 −6.3813
CO2−

3 CO2−
3 + H+ = HCO−3 10.3288

MgHCO+
3 MgHCO+

3 = Mg2+ + HCO−3 −1.0357
MgCO3(aq) MgCO3(aq) + H+ = Mg2+ + HCO−3 7.3499

MgOH+ MgOH+ + H+ = Mg2+ + H2O 11.6795
CaH3SiO+

4 CaH3SiO+
4 + H+ = Ca2+ + H4SiO4(aq) 8.6998

CaH2SiO4(aq) CaH2SiO4(aq) + 2H+ = Ca2+ + H4SiO4(aq) 19.0646
H3SiO−4 H3SiO−4 + H+ = H4SiO4(aq) 9.8096
H2SiO2−

4 H2SiO2−
4 + 2H+ = H4SiO4(aq) 23.1701

Appendix A.2. Parameters for MACBECE Analysis

Appendix A.2.1. Specifications of Cement Materials

The mechanical analysis parameters are based the “Second Progress Report on Research and
Development for TRU Waste Disposal in Japan” [12]. The assumed specification and detailed properties
of the cement materials are summarized in Tables A3 and A4.

Table A3. Assumed specifications for cement components (from [12]).

Component Material Aggregate
Ratio Porosity Real Density

(g/cm3)
Compressive

Strength (MPa)

Inner Liner, Outer
Liner, Invert, Backfill

Concrete
(W/C = 45%) 67 vol% 13% 2.62 43

Waste Mortar
(W/C = 55%) 54 vol% 19% 2.58 35

Table A4. Properties for cement components.

Property Inner Liner/Outer Liner/
Invert/Backfill Waste

Initial Young’s modulus E0 (MPa) 3.04 × 104 1.75 × 104

Poisson ratio ν(−) [before yield] 0.20 0.20
[after yield] 0.45 0.45

Effective overburden pressure σvi’ (Mpa) Obtained by deadweight calculation
Coefficient of earth pressure at rest Ki (−) Obtained by deadweight calculation

Initial elastic shear modulus G0(MPa) G0 = E0/2(1 + ν)
Initial adhesive force c0 (MPa) 21.5 17.5

internal frictional angle ϕ (deg.) 0 0
Initial compressive strength σc0 (MPa) 43 35

Minimum compressive strength σc min (MPa) 0.43 0.35
Air dried weight of unit volume γ (kN/m3) 22.8 20.9

Initial tensile strength σt (MPa) 4.3 3.5
Minimum tensile strength σt min (MPa) 0.043 0.035

Rigidity reduction ratio after cracking (−) 1/100 1/100
Water viscosity (m2/s) 1.0 × 10−6 1.0 × 10−6

Number of cracks per element 1.0 1.0
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Appendix A.2.2. Properties of Metal Materials

Analysis parameters for metal materials (treated as corrosion swelling elements) are summarized
in Table A5.

Table A5. Properties for metal materials.

Waste
(Steel Package)

Waste
(Drum Can)

Corrosion swelling ratio β (−) 3.2
Rigidity (sound region) E0 (MPa) 211,400

Rigidity (corroded region) Ecor (MPa) 250
Poisson ratio ν (−) 0.333

Appendix A.3. Relation between Corrosion Swelling Rate and Distortion Increasing Rate

The distortion increasing rate for the x and y directions can be described as follows (see Figure A1).

∆εx =
100γ

hx
(%/y)

∆εy =
100γ

hy
(%/y)

where γ is the corrosion swelling rate (m/year) and hx (hy) is the thickness of the metal part (m).
The corrosion swelling rate γ can be represented as

γ = (β− 1)α (m/y)

where α is the corrosion rate (m/y) and β is the corrosion swelling ratio (treated as a magnification).
The assumed corrosion rate α is 0.04 µm/y (considering the corrosion of both sides: [36]) and the
assumed corrosion swelling ratio β is 3.2 [36], so that γ = 8.8× 10−8 (m/y).
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Appendix A.4. Distortion Increasing Rate for Steel Packages

The dimensions of the steel packages and drum can are shown in Figure A2. The left figure shows
a half of the cross section, and the red circled numbers correspond to the ID number shown in Table A6,
which lists the distortion increasing rate at the various locations on the surface of the package.
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Table A6. Distortion increasing rate for the steel packages. γ represents corrosion swelling rate.

Number ∆εx (%/Year) ∆εy (%/Year)

14 100γ/hx = 66.667γ
(hx = 0.75 × 2)

100γ/hy = 20000γ
(hy = 0.005)

15 100γ/hx = 20000γ
(hx = 0.005)

100γ/hy = 90.909γ
(hy = 1.1)

16 100γ/hx = 66.667γ
(hx = 0.75 × 2)

100γ/hy = 90.909γ
(hy = 1.1)

17 100γ/hx = 166.667γ
(hx = 0.6)

100γ/hy = 62500γ
(hy = 0.0016)

18 100γ/hx = 62500γ
(hx = 0.0016)

100γ/hy = 111.111γ
(hy = 0.9)

19 100γ/hx = 166.667γ
(hx = 0.6)

100γ/hy = 111.111γ
(hy = 0.9)

Properties for the Rock Material

The mechanical analysis parameters for the rock material are based on those for the “SR-C”
(soft rock) in [12]. The assumed rock property values are summarized in Table A7. The initial
overburden pressure and lateral pressure coefficient assume a repository depth of 500 m. The Ohkubo
model [25] was used as the stress-distortion relation model.

Table A7. Properties for the rock materials (nonlinear viscoelasticity).

Property Value

Unit weight γt (kN/m3) 22.0
Uniaxial compressive strength qu (MPa) 15.0

Tensile strength σt (MPa) 2.1
Initial Young’s modulus E0 (MPa) 3.50 × 103

Initial Poisson ratio ν0 (−) 0.30
Initial overburden pressure σvi (MPa) 11.0

Lateral pressure coefficient Ki (−) 1.066
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