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This article overviews global and Russian atomistic modelling experience in exploring the properties of clay and
cement-based materials for the long-term safety assessment of high-level waste (HLW) repositories. It explains the
general concept of molecular dynamics simulation providing some case studies solved based on it. It discusses the
accuracy of the calculated parameters and coefficients, as well as their potential incorporation into multiscale models
enabling the assessment of the engineered barrier evolution and the HLW repository safety.
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Model calculations addressing the evolution of
elements constituting to a cascade of a multiple
engineered safety barrier system (EBS) are mainly
seeking to assess their stability and to predict their
sorption-precipitation properties. Globally, either
bentonite (or bentonite-sand mixtures) or concrete
based on Portland cement is mainly proposed as
a buffer material to fill the gaps between the con-
tainers with radioactive waste (RW) and the walls
of a disposal cell or a disposal facility. Therefore,
evolution of the buffer materials and their thermo-
hydro-mechanochemical properties should be fore-
casted over hundreds of thousands of years which
still remains an urgent scientific and technical task
to handle.

Macrophysical ratios applied practically to evalu-
ate clays and cements in terms of their flow and
mechanical properties reflect the averaged material
behavior. However, some macroscopic phenomena,
such as swelling and mass transfer, are of primary
importance for the barrier properties of clay min-
erals and are driven by molecular-scale processes.
To build full-fledged models, one should under-
stand the relationship between the properties of a

substance at the nano- and microlevels given the
macroscopically averaged behavior of some indi-
vidual blocks and the entire repository in general
with an account taken of the complex heteroge-
neous barrier structure at the intermediate stages.
Mathematical models of substances developed
based on their atomic structures using the molecu-
lar dynamics modeling method (MDM), the Monte
Carlo methods, the density functional theory and
other quantum chemical approaches have contrib-
uted to much more ample understanding of various
physical and chemical processes. Discussed below
is how molecular dynamics can be applied to model
the processes evolving in clay and cement materi-
als during RW disposal. Such methods have been
successfully applied to provide not only the quali-
tative but also the quantitative description of vari-
ous material properties. At the same time, the capa-
bilities enabling information transfer from atomic
models to the meso- and macrolevels for more ac-
curate equations and less empirically-based mod-
els are still totally immature. Some progress made
in this area is described at the end of this article.
There is reason to believe that these studies may



be helpful in addressing such challenges associated
with EBS materials as swelling, ion transport, sorp-
tion processes, generation and movement of colloi-
dal particles.

Molecular dynamics modeling is based on nu-
merical integration of classical Newtonian motion
equations for a system of N interacting particles,
the properties of which are determined based on
the statistical analysis of the motion trajectories.
Particle interaction is governed by a force field, the
choice of which determines both the accuracy and
the complexity of the calculations. When it comes
to studying the system dynamics at the atomic
level, the first-principles (or quantum) molecu-
lar dynamics method is seen as a most accurate
numerical method. The force field governing the
system evolution is determined at each step of nu-
merical integration from the quantum-mechanical
equations being solved for the electron subsystem.
This method provides a detailed study of structural,
dynamic, electronic or magnetic characteristics
of systems with an account taken of chemical re-
actions occurring in a wide range of temperatures
and pressures. In this case, the system properties
depend on a single “parameter”, i.e., the initial
structure. Due to its computational complexity,
this method is used mainly for systems involving
about 100—1,000 atoms at times of no more than
hundreds of picoseconds (100-107!2 s).

Under the classical MDM method, which is used
much more widely, the interaction between the par-
ticles is determined by a given force field. Thus, the
spatial and temporal scales of the studied systems
can be extended by several orders of magnitude.
Commonly it is described by a set of analytical func-
tions reflecting a characteristic complex of interac-
tions experienced by the atoms in the system — van
der Waals forces, vibrations of bonds, angles, etc.
Force fields are parameterized to provide the best
description of either some known experimental data
(e. g., dynamic, thermodynamic, structural and spec-
troscopic) or the information obtained from quan-
tum mechanical calculations with characteristic
atom configurations. At present time, it’s already a
fairly routine process to calculate the dynamics of
classical systems involving several hundred thou-
sand atoms at times up to hundreds of nanoseconds.
Going beyond these intervals is usually difficult both
because of limited computing capacities and since
it’s quite difficult to set the initial conditions as con-
figurations reflecting the mesoporous clay structure.

In most cases, sufficiently accurate and reliable
results can be achieved using the potentials in
which individual types of atoms are identified and
parameterized based on their chemical nature and
local environment. A case in point is the ClayFF
force field [1] — a set of functions and correspond-
ing parameters that is used to calculate the interac-
tion forces between the atoms. It is considered as
the “gold standard” in case of clay materials, which
is widely recognized not only in case of various
clays, but also cement phases, such as layered hy-
droxides. It can be used to study both the materials
themselves and their interactions with aqueous so-
lutions and organic molecules, to analyze structur-
al and dynamic indicators, diffusion and adsorption,
as well as vibrational characteristics of particles in
the system. The potential has several modifications
and provides flexibility in the selection of param-
eters depending on the task at hand.

Some typical force fields (for example, ReaxFF [2])
take into account the possibility of chemical reac-
tions in systems, which previously could have only
been done in quantum calculations. Such models
have an important disadvantage, which is their
high computational complexity.

Polarization effects may turn to be critical in the
problems providing for radionuclide adsorption and
diffusion in the near-surface layer of clay particles.
Special force fields are being developed to take them
into account. A case in point is the PIM potential [3].

The above force fields are applied successfully to
model the interactions between clay/ cement min-
erals and some hydrated radionuclides. However,
more accurate predictive models describing the
evolution of safety barriers in RW repositories pro-
viding for the inclusion of MDM results require bet-
ter characterization of the force fields, in particular,
models involving a wider range of radionuclides
(actinides and their decay products).

Recently, one of the approaches proposed to solve
this problem has been actively developed, i. e., calcu-
lations with potentials obtained using machine learn-
ing on quantum mechanical calculation data. Such
models are not universal and have to be developed
individually for each specific clay mineral, but nev-
ertheless provide very high accuracy. A case in point
considering the kaolinite material was discussed in [4].

To reach the mesoscale level, so-called coarse-
grained molecular dynamics models are being de-
veloped. In these models, considered as a basic par-
ticle is not a single atom, but a molecule or even
a group of molecules. Similar models are also built
for clays, which was discussed more specifically in
another article [5].

The MDM method has been widely used in many
fields, including mechanics, biological sciences,
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MDM modeling as applied to the geological RW disposal
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Fig. 1. MDM application flowchart proposed to model a geological RW repository

medicine, engineering geology and physics [6]. In
recent decades, MDM has been used in mining en-
gineering to model crack propagation in rocks [7]
and carbon binding in geological processes [8].

When applied in relation to the RW disposal tasks,
the MDM method has the following advantages
over the experimental one:

1) MDM is an atomic-scale method and can be
considered as a computer-based study. Its findings
may describe physical and/or chemical processes at
atomistic level and may support the interpretation
of the experimental results. Clay minerals are com-
monly found in the form of ultrafine-grained (mi-
cro- to nano-sized) crystallites, which accounts for
an accurately modeled spatial MDM scale.

2) Diffusion accounts for the main mechanism
governing radionuclide transfer during RW disposal,
thus, MDM can be used to calculate the dynamic
properties of a fluid, for example, to estimate the
diffusion coefficients of mobile particles (water, ions
or dissolved gases), the scale of which is not always
accessible to experimental probing instruments [9].

Recent studies demonstrate that MDM can be
used in relation to clay nanoparticles of several
tens of nanometers to determine the heat capac-
ity, thermal conductivity, thermal expansion, cap-
illary absorption, diffusion, hydraulic conductivity
and diffusion properties of pressed bentonite on a
centimeter-days scale.

Thus, MDM is widely used abroad by scientific or-
ganizations dealing with the radiation safety as an
additional tool reducing the time and costs of labo-
ratory and field experimental studies. Moreover, its
findings are introduced into geophysical software
products to create reliable mathematical models
describing the safety barrier evolution.

Fig. 1 presents the MDM application flowchart
followed to forecast the processes evolving inside
a RW repository.

MDM application in clay mineral research

Clays are proposed as a EBS material for RWDF,
which is explained by their unique favorable physi-
cochemical properties, such as high cation ex-
change capacity, swelling and creep ability, water

and dissolved substance retention properties and
extremely low permeability. The structure and
physical behavior of radionuclides in interlayer
nanopores differ greatly from their behavior in
bulk aqueous solutions both due to the ion-clay
interaction and the geometric effects [10]. Clay
minerals belong to the subclass of phyllosilicates.
Among them, the smectite group prevailing in the
natural bentonite deposits appears to be of the
greatest interest in terms of RWDF development.
Montmorillonite, a most common minerals of this
group, is an aluminosilicate consisting of nega-
tively charged layers. This charge is compensated
by solvated cations that can move within the inter-
layer space resulting from the mineral layer stack-
ing. These stacks form anisotropic particles with
a typical thickness of ~10 nm and a characteristic
width of several hundred nm. The mineral layers of
montmorillonite and other smectite group miner-
als (beidellite, nontronite, saponite) are based on
the pyrophyllite crystal lattice consisting of two
tetrahedral sheets of SiO, and an octahedral sheet
of AlIO, between them (Fig. 2), but with isomorphic
substitutions of Al>* and Si** cations by ions of low-
er valence, such as Mg?* and Fe?".

Due to the substitutions, the layers acquire a neg-
ative charge, which is balanced by exchange cations
located in the interlayer space of the clay minerals

Fig. 2. Layered structure of the mineral montmorillonite:

blue tetrahedra — SiO,; gray tetrahedra — ALO,;
gray octahedra — AlO,; orange octahedra — MgO,



(Fig. 2): Na*, Ca?* and others. These counterions are
mainly responsible for clay swelling due to water
molecules absorbed by them [11]. Although ka-
olin clays are inferior to smectite and illite clays in
terms of ion retention capacity, rock massifs high
in kaolinite are still considered as candidate host
rocks for repository siting worldwide. Moreover,
some studies based on MDM methods have con-
cerned kaolin clays as well [12].

MDM methods may be applied to describe the
swelling processes, the evolution of processes as-
sociated with the transfer of dissolved substances
through a clay massif and changes in the adsorp-
tion properties. Moreover, the prospects of this
method in forecasting the changes in clay materi-
als themselves and the colloid formation processes
should be evaluated as well (Fig. 1).

It was the MDM method that revealed the mecha-
nism of such an important process as swelling. Clay
swelling is caused by an increase in the interlayer
distance and volume due to the hydration of sorbed
exchange cations and water flows. There are two
swelling modes: crystalline and osmotic. Crystal-
line swelling occurs due to the step-by-step forma-
tion of a single-, double-, triple-, and sometimes
even four-layered hydrate structure that get sta-
bilized by cation chains and binding mineral lay-
ers, while the basal distance increases by approxi-
mately 1.0—2.2 nm [13]. Further water absorption
drives a transition to osmotic swelling. During the
osmotic swelling process, the cation chains break
down, the interlayer space is filled with water no
longer forming stable complexes and the basal dis-
tance changes abruptly to over 4 nm [14]. Smec-
tite swelling is influenced by various factors, such
as structural parameters, solution properties and
environmental conditions [15], [16]. An extensive
review of the MDM methods as applied to RWDF
challenges is presented in [17]. Most of these mod-
els consider the above circumstances, whereas the
influence produced by the solution properties is re-
ported rather rarely. When the maximum swelling
degree is reached, the bond between the particles
in the clay agglomerates degrades, which drives
soaking and degradation of the internal structure.

The swelling process proceeds due to hydration
in the interlayer space of cations, which, when in-
teracting with water, form inner-sphere complexes
and get adsorbed on negatively charged areas of
the surface. Due to their small size, some cations,
for example, Na* and Ca?*, can partially "immerse"
themselves into the free space of the surface be-
tween the SiO, tetrahedra. Larger cations (K") do
not have this ability. Therefore, montmorillonites
containing such larger cations swell more inten-
sively at a lower water content [18].
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In [19], the authors applied the MDM to study
the free swelling energy considering a pair of paral-
lel smectite clay nanoparticles suspended in water.
The free swelling energy was calculated consider-
ing a specific salinity range (from 0 to 1.0 M NaCl)
and some specific types of exchange cations (Na®,
K*, Ca" in 0.1 M CI~ electrolytes) in a range of dis-
tances between the particles, including the case
providing for complete transition from crystalline
to osmotic swelling (h=0.3—3.0 nm). The simu-
lated systems consisted of two parallel hexagonal
smectite nanoparticles surrounded by bulk water
in a cubic model cell with the initial dimensions of
10x10x10 nm (a total of about 100,000 atoms).

The authors of this research also used MDM to
examine the interaction of an aqueous CslI solution
with the basal clay surface. In a montmorillonite
supercell of 9x6x5-unit cells (46.8x53.9x62.0 A)
(Fig. 3), a 100 A high pore filled with an aqueous CsI

Fig. 3. Schematic representation of a montmorillonite
supercell with the pore space filled with an aqueous Csl
solution



solution with concentrations varying from 0 to 1 M
was placed between the layers.

One-dimensional density profiles of water mole-
cules in the pore space (Figs. 4, 5) were analyzed
revealing the presence of some individual peaks
for hydrogen atoms at distances of ~1.7 A, 3 A and
6.5 A from the basal montmorillonite surface.

Fig. 4. One-dimensional profiles showing the density of water
molecule Hw atoms assuming a system with an aqueous Csl
solution

Two main peaks appeared to be clearly distin-
guishable on the density oxygen atom profile at
distances of ~2.6 A and 6.3 A from the basal surface.

Fig. 5. One-dimensional profiles showing the density of water
molecule Ow atoms assuming a system with an aqueous Csl
solution

Thus, the MDM method may supplement the
corresponding experimental structural analysis
when one endeavors to study the behavior of water
molecules at the clay surface given a considerable
increase in the interlayer distance during osmotic
swelling.

MDM is also actively used to study the properties
of ion transport through clay minerals. Since these
materials have a quite complex structure, the diffu-
sion of radionuclides is driven by a combination of
distribution processes between the outer surfaces
of clay particles, the interlayer space of clay, the
edges of layers and the aqueous solution surround-
ing the clay particles, and the diffusion of ions in
these environments. Thus, the effective diffusion
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coefficients are affected by both the thermody-
namics of surface hydration and the dynamics of
ion movement. A systematic study focused on the
diffusion coefficients observed near the surface of
montmorillonite clay was discussed in [20]. These
parameters were studied for metal cations in the in-
terlayer space and on the outer surfaces of crystal-
line layers. It was shown that for monovalent ions,
the diffusion coefficient in the interlayer space was
1.5—3 times lower and for divalent ions 5—10 times
lower compared to the outer surface. Recent MDM
studies demonstrate that diffusion in montmoril-
lonite aggregates with a diameter of ~12 nm can be
modelled and the results obtained can be applied to
describe the experimental data on the propagation
of water molecules and Na* ions in compactified
bentonite with larger clay particles [21]. For this
purpose, the calculated self-diffusion coefficients
have to be scaled by the ratio of the model and the
experimental tortuosity coefficients.

Another paper [10] explores the thermodynam-
ics of ion exchange between the interlayer space
of montmorillonite and the micropores between
the clay particles. Calculations show that the
standard free energy of cations in the interlayer
space is 2kpT and that of anions is 9kg T (where
ky=1.38-1072* J/K is the Boltzmann constant and T
is the temperature). This means that the aqueous
solution in the interlayer space inside the clay par-
ticles is enriched with cations, while anions, on the
contrary, are forced out into the pores between the
clay particles. Therefore, the analysis shows that
an increase in the ionic strength of the solution re-
duces the activation barrier responsible for cation
releases from the interlayer space, i. e., their con-
centrations in the pores and in the interlayer space
tend to converge.

[22] proposes a method that can be used to calcu-
late the standard free energies of ion adsorption at
given sites of the mineral surface. This method was
used to study the ion exchange of K" and Cs* on the
basal surface of muscovite. Three types of adsorp-
tion sites were identified for them: on these sites,
the standard free energy of potassium adsorption
differed by 12 kJ/mol. It was shown that cesium cat-
ions displace potassium cations from the surface
since hydrated potassium ions have much lower
free energy than Cs".

[20] notes that the distribution of ions in the in-
terlayer space is affected by the surface charge of
the clay layers. However, the classical MDM meth-
od is limited to models with a fixed surface clay
charge, regardless of the ionic strength and pH of
the surrounding solution. At the same time, the
surface charge of the clay affects the properties of
the double electric layer in the interlayer space and,



consequently, its adsorption properties for various
ions. [23] considers a modeling approach based on
first-principles methods that can be used to calcu-
late the acid-base properties of sorption centers
on the crystalline edges of clay particles. It also
demonstrates that this method can be successfully
applied to predict the surface charge of montmo-
rillonite depending on the pH of the environment,
which can be used to predict more accurately the
adsorption properties of clay under specific natural
conditions.

Additionally, for the previously described system
“montmorillonite — aqueous CsI solution”, the au-
thors have estimated the self-diffusion coefficients
of Cs+, I-ions and H,0 molecules in the pore space
(Table 1).

The values calculated for Cs* were growing in the
range from 0.96:10 to 1.01-10~* m%/s along with a
decrease in the CsI concentration from 1 to 0.1 M.
The self-diffusion coefficients for I~ were ranging
from 0.92-107* to 1.12-107* cm?/s, respectively. For
water molecules, this parameter accounted for ap-
proximately 1.5-10™* cm?/s, which is consistent
with the literature data from the experiments [24].
The obtained dynamic characteristics of radionu-
clides in the montmorillonite pore space can be
integrated into a transfer block constituting to a
general geochemical modeling flowchart describ-
ing the processes associated with EBS materials
and their evolution.

Table 1. Self-diffusion coefficients for Cs, | ions
and H,0 molecules in models differing by Csl content
in montmorillonite pore solution

Cs  1.01-10* 1.07-107* 1.12-10™* 0.96-10™* 0.96:107*
H,0 154107* 1.51-107* 1.55-10™* 1.54.10™* 1.52.107*
[ 1.12-10™* 0.99-10™* 1.05-107* 1.02-10™* 0.92-107*

Molecular modeling was used to study the struc-
ture and properties of cement phases in order to
improve the efficiency of cement production and/
or its desired type [25]. Some researchers have also
considered the influence of chemical impurities on
the structural properties and the mechanism gov-
erning the hydration of clinker phases and other
processes [26]. The molecular dynamics method
can provide a more in-depth study of clays, con-
cretes and other materials and their properties.
The knowledge gained from the MDM studies of
cement-based material evolution suggests that the
information obtained from atomistic modeling may
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turn to be helpful in explaining the microscopic
properties responsible for some specific behavior
of the material at an engineering scale. In addition,
the strength characteristics estimated using such
methods have provided useful information on the
mechanisms of water and ion transport and diffu-
sion through concrete materials.

Various concretes and mortars based on Portland
cement have proven themselves well as RW immo-
bilization materials [27]. Concretes based on Port-
land cement are also proposed as candidate barrier
materials for deep geological repositories. Calcium
hydrosilicates (C-S-H) with varying degrees of
crystallinity and different Ca/Si and H,0/Si ratios,
as well as portlandite (Ca(OH),) account for the
main products of Portland cement hydration.

The interaction of various radionuclides with hy-
drated cement phases of Portland cement is also
studied based on computer atomistic modeling
[28]—[30]. In addition, various calcium aluminate
and aluminoferrite hydrate compounds (AFt- and
AFm-phases, C,AH;, CAH,,, etc.) are produced
both at the initial and subsequent hydration stages.
Fig. 6 shows the structural models for some hydrat-
ed cement phases.

C-S-H phase (tobermorite layer, Ca(OH), (portlandite)
Ca;Si 0,4(0OH),:nH,0)
AFt-phase (ettringite, calcium AFm-phase
hydrosulfoaluminate, (monosulfate
CagAL,(SO,)5(OH),,-26H,0) 3Ca0-Al,04CaS0,12H,0

Fig. 6. Atomistic models of some hydrated cement phases

To date, most of them have been successfully
tested and investigated using both classical and
quantum molecular dynamics methods [31]—[33].
Of greatest interest is the study of various ions dis-
solved in water on the surfaces of cement phases and
their behavior. Such studies provide information on



ion adsorption mechanisms, including the mecha-
nisms characteristic of radionuclides. Thus, models
representing various cement phases (C—S-H, port-
landite, ettringite) being in contact with ions (UOZ",
Cs*, CI7, I") were used to identify the adsorption
centers and to calculate the energy and transport
characteristics of radionuclides in near-surface
zones [28]—[30], [34]. These results can be further
used in kinetic and thermodynamic calculations to
predict the service life of cement barriers.

On large spatial and temporal scales, radionuclide
transport processes are described by the continu-
ous medium equations involving a limited set of
parameters, for example, Fick's or Darcy's laws, ef-
fective diffusion and rock permeability coefficients
with specified concentrations or pressure gradients.
Therefore, it’s still a challenging task, both from the
scientific and technical perspective, to identify the
characteristics of such models or to take into ac-
count the corrections to the laws themselves from
the atomistic modeling.

The mathematical homogenization theory used
to scale up the equations may provide an accurate
form of macroscopic equations depending on the
flow mode. A case in point is the derivation of the
Darcy's law from the fundamental Navier-Stokes
equations. However, in most cases, such an analysis
is applicable only to the simplest configurations re-
gardless of the actual porous structure [35].

Complex geometry can be taken into account by
direct modeling of the processes in a typical elemen-
tary volume of a sample. [36] considers an approach
when the mesoscopic diffusion coefficient is calcu-
lated based on a two-level model combining both dif-
fusion through the interlayer space and the release
of ions into a free solution and diffusion through it.
To validate the model, MDM was used for a system
of clay particles arranged in plane-parallel stacks
with a quasi-free aqueous solution between them.
The analytically predicted mesoscopic diffusion co-
efficients under this configuration corresponded to
those calculated directly based on the MDM method.
Therefore, this approach can be further upscaled to
cover more complex particle geometries.

However, simpler models prevail today. In these
models, the relationship between the micro- and
macro-transfer coefficients depends on the tortu-
osity and porosity coefficients of the sample. Their
effective application is exemplified in a paper by
Hennig and Kuhn [37], who managed to create a
multicomponent scheme for uranium diffusion
in opaline clay by combining molecular dynamics
calculations, geological studies, experimental data
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and geochemical modeling. The effective diffusion
coefficients for uranium-containing components in
water were determined based on molecular dynam-
ics calculations. At the same time, due to the lack of
literature data, some of the coefficients were taken
from the data on chemically akin compounds. In
the pore space, these depend on an empirical power
law (analogous to the Dakhnov-Archie formula),
while the power coefficients in the equation were
established by fitting uranium diffusion in opaline
clay to experimental observations on a millimeter
scale. Its facies composition was specified based
on geological research data from the Swiss under-
ground research laboratory Mont Terry. Diffusion
flows of individual components were calculated
as sums of flows in the pore space and the diffuse
double layer. The resulting model was used to build
the uranium concentration profiles in the pore wa-
ter expected within a hundred years, to calculate
the effective coefficient of ion distribution between
the clay particle surfaces and water, and, at the final
stage, to develop a single-component model based
on Fick's law, which uses the effective diffusion
coefficient for uranium. The developed model can
predict uranium releases into surrounding rocks
expected within a million years, the maximum ex-
pected length of its transfer accounted for 35 m.

In recent decades, classical and quantum molecu-
lar dynamics have been used globally in the safe-
ty assessment of RW disposal facilities. However,
quite a few problems still remain unresolved, with
the below ones considered as most pressing:

1. Validation and parameterization of force fields.
Empirical force fields in classical molecular dynam-
ics may not work correctly when one needs to de-
velop complex heterogeneous models describing
the interaction of clay minerals and cement phases
with radionuclide solutions. As it comes to calcu-
lating complex radionuclide compounds in aqueous
solutions, the force fields have been parametrized
only for a very limited number of atoms. New force
fields should be developed for more accurate evalu-
ation of radionuclide transport processes evolving
in the buffer materials of RW disposal facilities.

2. Growth of secondary phases. The concentra-
tions of metal ions in the solution growing due to
metal RW container corrosion may result in sec-
ondary phases of phyllosilicates and double lay-
ered hydroxides and their growth on the surface of
clay minerals. The mechanisms responsible for the
formation of such phases should be studied at the
molecular level and included into the geochemical
calculation codes.



3.Redox reactions on the surface of mineral
phases. Diffusion of redox-sensitive radionuclides
depends on their oxidation degree. Impurity Fe at-
oms present in mineral layers contribute to redox
reactions evolving on the surface and the formation
of multiple radionuclide complexes. Such processes
should be studied additionally paving the way for
more full-fledged geochemical models.
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