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Abstract 

 

The recent developments of experimental techniques have opened new opportunities and challenges 

for the modelling and simulation of clay materials, on various scales. In this communication, several 

aspects of the interaction between experimental and modelling approaches will be presented and dis-

cussed. What levels of modelling are available depending on the target property and what experimen-

tal input is required? How can experimental information be used to validate models? What knowledge 

can modelling on different scale bring to the knowledge on the physical properties of clays? Finally, 

what can we do when experimental information is not available? 

 

 

Introduction 

 

The recent developments of experimental techniques have opened new opportunities and challenges 

for the modelling and simulation of clay materials, on various scales. In this non-exhaustive communi-

cation, several aspects of the interaction between experimental and modelling approaches will be dis-

cussed. I will first review the different levels of description available depending on the considered 

length and time scales, and exemplify the different types of required experimental input. Then I will 

illustrate how experimental information can be used to validate models, and what modelling on differ-

ent scale brings to the knowledge on the physical properties of clays. Finally, I will discuss what can 

be done from a modelling point of view in the absence of experimental information. 

 

 

What should we simulate? 

 

Levels of description 

Clays are multi-scale materials, in which processes occur over a very wide range of length and time 

scales. Chemical reactions (e.g. at the surface or and edge of a clay particle) involve electronic reor-

ganization over a few Å and the elementary steps occur over a few ps. This can be captured only using 

Ab-Initio (AI) simulations, where electronic degrees of freedom are taken into account. The micro-

scopic structure and dynamics of clay layers and interlayers requires descriptions over several nm and 

ns. This cannot be achieved with AI simulations and resort to simplified model of interactions between 

atoms is necessary. This is done in classical Molecular Dynamics (MD) simulations. Processes associ-

ated to clay particles and micropores occur require a description up to m and s. Further simplifica-
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tion is achieved in mesoscopic models, e.g. by considering only solute particles and treating the sol-

vent as a continuum, either with explicit particles as in Brownian Dynamics (BD) or with implicit 

models dealing only with fields such as local concentrations as in classical Density Functional Theory 

(DFT) or Poisson-Boltzmann-like models. An intermediate level of modelling is found in kinetic the-

ory, based on the probability of events (e.g. for particles to move in a particular direction, depending 

on the local flow and electric field) and usually implemented in lattice models of the Lattice Boltz-

mann (LB) type. 

 

Experimental input 

Prior to any simulation, one needs to define the system that is modelled. This generally involves sev-

eral types of experimental input, both on the system itself: 

 - Composition: e.g. the unit cell, the charge density 

 - Structure: either crystallographic or on the mesoscale 

 - Conditions: dry density, water content 

and on the associated features we use for the simulation, such as: 

 - Data: e.g. the microscopic diffusion coefficient for a Brownian Dynamics simulation 

 - Processes: e.g. assumption on transport pathways.  

As an example of the latter, one could for example rely on the conclusion of Glaus et al. (2009) that 

interlayer diffusion dominates at high compaction of Na
+
 and Sr

2+
 to setup a BD simulation of the 

diffusion of these ions on the m and s scale. 

 

 

Do model predictions make sense? 

 

A crucial issue for any model is that of its validation, by comparing its prediction to available experi-

mental data. This allows assessing the relevance of the assumptions made and the parameters used, at 

least in a certain range of conditions. Examples on the microscopic scale include the comparison of 

MD results for water dynamics in the interlayer of montmorillonite with Quasi-Elastic Neutron Scat-

tering (Malikova et al. (2006)) or for surface complexes of alkaline ions with basal surfaces of musco-

vite with X-ray reflectivity (Sakuma et al. (2011)).  

 

The validation is even more convincing when the model simultaneously reproduces several experi-

mental results obtained by different techniques in various conditions. Ferrage et al. (2011) showed that 

the CLAYFF force field is able to give a good description of the interlayer structure of saponite by 

comparing its predictions with neutron diffraction using both normal and deuterated water, as well as 

with X-ray diffraction, for two relative humidities. Furthermore, this comparison can be exploited to 

improve the models. In that same work, the authors suggested a refinement of CLAYFF to better re-

produce the experimental data. 

 

 

What can we learn from modelling? 

 

Interpretation of experiments 

The first use of modelling is to help in understanding experimental facts. In a recent EXAFS study, 

Dähn et al (2011) investigated the sorption of Zn
2+

 onto montmorillonite and could explain their re-

sults in the framework of a two-site model, with a strong and a weak site. Using AI simulation of Zn
2+

 

in different environments and calculating the EXAFS signal for each of them, Churakov could identify 

the strong site with Zn incorporated in the layer, and the weak site as consisting of mono and bi-

dentate complexes at edges. Moreover, the relative weight of each type in different samples could be 

determined from the combination of the individual contribution of each environment to the measured 

EXAFS signal. 
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Another illustration, on a larger scale, is the interpretation of the effect of the charge of tracers on their 

effective diffusion coefficient through clay samples. In addition to the Donnan effect, which induces 

an "effective concentration gradient" inside the sample, which differs from the one imposed by the 

reservoirs (Birgersson et al. (2009)), the role of the different pathways through the porosity depending 

on the tracer charge has to be discussed. The interplay between pore geometry, electrostatics and dif-

fusion has for example been investigated using LB simulations in Rotenberg et al. (2010). 

 

New microscopic knowledge 

Microscopic simulations usually generate more information than what is accessible experimentally on 

a given system. They thus provide a complementary source of knowledge. For example, Marry et al. 

(2008) studied the structure and dynamics of the first water layer at the basal surface of montmorillo-

nite, in particular the hydrogen bond network at the surface and the rates for the formation and break-

ing of H-bonds with the surface oxygen atoms. 

 

(In)validate assumptions on small scale processes 

Another utility of microscopic simulation is to test assumptions made to explain processes on larger 

scales. For example, using homogenization theory it is possible to understand the macroscopic (Darcy) 

scale flows from the pore scale (Stokes) ones. However, such theories assume the validity of continu-

ous hydrodynamics on the microscopic scale, assuming in addition that the bulk viscosity of the fluid 

can be used, and that a no-slip boundary condition applies. These assumptions have recently been 

tested by Botan et al. (2011) who found that a continuous description, using the bulk viscosity, is rele-

vant for pores larger than 4 nm, provided that a slip boundary condition, with a slip length derived 

from MD simulations is used. Even in that case, deviations from the continuous predictions are ob-

served in the first water layers (within 1 nm from the surface). 

 

Link between scales 

Finally, microscopic simulations provide a link between the smaller and larger scales. Using random 

walks, Churakov et al. (2011) investigated the diffusion of tracers on the clay matrix scale by taking 

into account diffusion inside and outside the clay particles. On a larger scale, Robinet et al. (2008) 

used time domain diffusion on a Representative Elementary Volume from X-ray microtomography to 

analyze the effect of heterogeneities on the effective diffusion coefficient on the sample scale. 

 

 

When experimental information is missing 

 

Microscopic simulation is finally a complementary source of knowledge when experimental informa-

tion is not available. 

 

Protonation state of edge sites 

The protonation state of the surfaces is a crucial issue for predicting the sorption of ions. While the 

overall acid/base behaviour of clay suspensions can be investigated by titration, the assignment of 

acidity constants to definite sites (e.g. silanol or aluminol edge groups) cannot be achieved without the 

help of a microscopic theory. Progress has been made in this direction using semi-empirical methods 

such as MUSIC (Tournassat et al. (2004)). More recently, Churakov used ab-initio simulations to es-

timate acidities of the different edge groups in pyrophyllite from bond dissociation energies in vaccum 

(Churakov (2006)) and demonstrated the hopping of protons between surface groups via surface water 

molecules (Churakov (2007)). We are currently adapting the thermodynamic integration method of 

Sulpizi et al. (2010) to compute the acidity constants of these sites in the presence of water. 

 

Sorption/desorption rates 
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In order to include the sorption/desorption processes in a mesoscopic BD or LB simulation, one needs 

to know the associated rates on the different sites. These rates are generally not know experimentally. 

However, they can be estimated in MD simulations, producing long simulations analyzed in the 

framework of statistical thermodynamics. We are currently following a multi-scale approach in which 

ab-initio simulations are used to derive an accurate force field, for subsequent use in MD simulations 

to compute the sorption/desorption rates of multivalent ions at the edges of illite particles. 

 

Transport on intermediate scales 

Predicting the transport of charged species (electrolyte or tracers) through clays on the scale of several 

micrometers is particularly challenging, because one needs to account for the coupled electric / hydro-

dynamic / diffusion phenomena on a large system, but also because the complex structure of the po-

rous material is not well know on the 10 nm - 1 m scale. In the oil industry, transport over the m-

mm scale is usually simulated using Pore Network Modelling (PNM, see Bekri et al. (2002)). The 

PNM approach uses experimental data (capillary pressures, permeability and formation factor) to gen-

erate a "numerical sample" that reproduces the properties of the real material. In collaboration with 

Andra and IFP Energies Nouvelles, we are currently extending this approach to investigate transport 

of charged species through clays. 

 

 

Summary and Conclusions 

 

Models implement the current nano/microscopic knowledge using experimental input, taking advan-

tage of multi-scale approaches, and providing data or insights complementary to experiments. Future 

work will greatly benefit from the recent experimental developments, in particular for 3D-imaging on 

intermediate scales, and should also address other properties, e.g. mechanical or thermal properties. 
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