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1 INTRODUCTION 

Clay minerals constitute the smallest particles exist-
ing in the rocks and soils of the earth’s crust. Due to 
their nano-sized fundamental crystallite size and the 
charged surfaces, clay minerals have got an essential 
role in several sciences and engineering disciplines.  
Volume change and permeability modelling of the 
clay-bearing rocks and soils is an essential design 
and construction requirement in conventional and 
unconventional gas and oil deposits, foundations of 
the civil engineering structures, and environmental 
waste containments and repositories.   

The behaviour of argillaceous rocks and soils hav-
ing clay particles matrix is predominantly based on 
the orientation/grouping of the clay particles and the 
interaction forces among the particles, pore fluids, 
and the dissolved salts. Orientation and grouping of 
the clay particles and the forces associated with them 
are respectively termed as fabric and structure of the 
clay particles matrix. Clay particles matrix in the 
natural state has a highly complex orientation with 
constituent particles ranging from nano-sized clay 
particles to sand- and silt-sized particles present in a 
random arrangement, with complex interactions 
among the particles and the pore fluid.  

None of the existing macro-level behaviour mod-
els for expansive clay minerals (Baldi et al., 1988; 

Cui et al., 1992; Gens and Alonso, 1992; Towhata et 
al., 1993; Komine and Ogata, 1994; Zhou et al., 
1992; De Bruyn and Thimus, 1996; Del Olmo et al., 
1996; Delage et al., 1998, 2000; Burghignoli et al., 
2000; Laloui, 2001; Sultan et al., 2002; Lloret et al., 
2003; Cekerevac and Laloui, 2004; Cuisinier and 
Masrouri, 2004; Tang et al., 2008; Zhang et al., 
2014; Lyu et al., 2015), molecular-level studies re-
lated to the volume change of clay particles (Skipper 
et al., 1995a, b; Karaborni et al., 1996; Ichikawa et 
al., 2002; Katti et al., 2005, 2009) and applications 
to medicine field (Konta, 1995; Dong and Feng, 
2005; Verma et al., 2009; Guo et al., 2010; Martinez, 
2013; Ambre et al., 2013; Katti et al., 2015; Myung 
et al., 2016) developed to date comprehensively to 
incorporate the molecular level interaction studies. 

Here, we report simulation and modelling of the 
molecular level fabric and structure of the Na-
montmorillonite clay mineral and simulate the ef-
fects of cation exchange capacity (CEC), density, 
water content, exchangeable-cation type and interac-
tions with pore fluids and dissolved calcareous salts 
on the formation of fabric and structure. This study 
has particularly focused on the molecular-level inter-
actions and simulation of gypsum and calcite with 
smectite clay particles matrix in rocks and soils with 
different CECs and exchangeable cations at different 
densities. 
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ABSTRACT: The volume change induced in the active clay minerals′ matrix of expansive soils by change in 
moisture content in the vadose zone poses problems for the stability of structures founded on these problemat-
ic soils. Owing to the fact that their overall behaviour is controlled by the molecular level processes and inter-
actions, these interactions become increasingly complex for natural expansive clays where a complex compo-
sition of clay and non-clay minerals exists. Unfortunately, all the existing constitutive models and empirical 
formulations pertaining to expansive clays do not comprehensively incorporate all the factors, especially real 
fabric and structure, contributing to the volume change behaviour of the naturally occurring expansive soils.  
In this study, we have simulated molecular level fabric and structure of the natural expansive clays for the as-
sessment of the volume change behaviour of natural expansive clays. We used molecular mechanics, molecu-
lar dynamics and Monte Carlo simulations to create the real fabric and structure of expansive clays with varia-
tion in the controlling parameters such as cation exchange capacity, moisture content, density, exchangeable 
cations and interaction with non-clay salts/minerals. The resulting clay particle fabrics and structures conform 
to the general concepts available in the literature. 



2 STUDY METHODOLOGY 
 
Objectives of this study were accomplished through 
multi-level activities consisting of macro-level tests 
on controlled-lab and field samples, micro-imaging 
and investigations on pre and post testing specimens, 
molecular level simulations of the interactions of 
clay minerals with water, gypsum, calcite and devel-
opment of relations correlating the behaviour with 
the fabric and structure. Materials and procedures 
used here are described in Ahmed and Abduljauwad 
(2017) and outlined in the following sections.  

2.1 Materials 

Lab controlled specimens constituted standard ben-
tonite clay, sand, gypsum, and calcite in various pro-
portions. Representative in-situ samples were also 
acquired from the shallow claystone and deep shale 
deposits. The field samples were obtained from the 
near-surface claystone deposits in Qatif and Hofuf 
areas of eastern Saudi Arabia. Bentonite, obtained 
from a local commercial supplier, was chosen as the 
standard clay due to its high smectite content of 90-
95%. Basic characterization and sources of the 
standard constituents of the controlled samples and 
the in-situ samples are provided in Table 1. Lab con-
trolled samples were prepared by adding 5, 10 and 
15% of gypsum or calcite by replacing sand in the 
30/70 bentonite-sand mixture (Table 2). 

2.2 Chemical and mineralogical characterization 

In addition to the characterization tests on individual 
constituents, specimens prepared at various densities 
were also subjected to the moisture induced volume 
change tests. The fabric of the particles in the pre 
and post volume change tests were also visualized at 
nano and micron levels using Environmental Scan-
ning Electron Microscopy (ESEM), Fourier Trans-
form Infrared Spectroscopy (FTIR) and X-ray Com-
puted Tomography (CT) scans. Fundamental 
crystallite size was also approximated using XRD 
data, using the Scherrer (1918) method. Using the 
Full Width at Half Maximum (FWHM) of the corre-
sponding peaks in the XRD data, removal of back-
ground to obtain the net peak intensity have resulted 
in the assessment of the crystallite size in the range 
of 29 Å to 58 Å. The fundamental or smallest crys-
tallites then combines at their ends to form bigger 
particles. The knowledge of the crystallite size eval-
uated in this study and some of the previous studies 
were used to select the crystallite size for the molec-
ular simulations detailed later in this paper. 

2.3 Volume change characterization 

Laboratory controlled samples were prepared by 
mixing bentonite with 70% sand and the moisture– 

density relationships were established using the 
modified Proctor Test procedure (ASTM D1557).  
For the lab-controlled specimens with gypsum re-
placing sand partly in 30/70 proportion mix, the re-
quired dry density was achieved for each gypsum 
content of 5, 10 and 15% using static compaction 
technique. Volume change potential (free swell) tests 
were carried out following free swell test procedures 
in agreement with (ASTM D4546) using 30/70 ben-
tonite and sand mix specimens in an oedometer test 
equipment at a seating pressure of 2 kPa (Table 2). 
 
Table 1. Summary of index tests on the acquired samples and 
materials. Methodologies used: CEC (Rayment and Higginson, 
1992). 
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     Bentonite 54.8 95 - - - 

Calcium 
Carbonate 

- - - - 99 

Gypsum - - - 95 - 

Sand - - - - - 

Qatif Claystone 

Source 1 51.0 32 - 9 15 
Source 2 20.7 15 - 12 20 

Source 3 22.5 16 5 15 19 

Source 4 44.1 23 7 6 14 

Source 5 44.5 24 9 10 13 

Hofuf Claystone 

Source 1 12.7 9 - 0 35 
Source 2 11.2 11 - 0 36 

Source 3 10.3 7 4 0 38 

Source 4 11.7 12 - 0 45 

2.4 Molecular-level simulations  

In this study, simulations were performed to repro-
duce the fabric, interactions and processes occurring 
at the molecular level between Na-montmorillonite 
clay minerals and gypsum or calcite salts at various 
water contents. These objectives were achieved by 
applying molecular mechanics (MM), molecular dy-
namics (MD) and Monte Carlo (MC) techniques us-
ing the Materials Studio software (2013). Due to the 
enormous quantum of data processing involved in 
any typical molecular level simulations especially 
involving several crystallites and hundreds of water 
molecules and salt ions, high-performance compu-
ting facilities (HPC) at KFUPM and the Supercom-
puting Laboratory (NESER) at the King Abdullah 
University of Sciences and Technology (KAUST), 
KSA. Any typical natural nanostructure of clay par-
ticles matrix in soil or rock consists of unit crystal-
lites/quasi-crystals of clay minerals with nanopores 
that contain water and dissolved salts. So, the most 
essential inputs for any molecular simulation scheme 
are the choice of the representative crystallites, for-



mulation of the representative unit cells with period-
ic boundary conditions and the application of a force 
field to run the appropriate ensemble. The unit mol-
ecules used in the formulation were Na-
montmorillonite of three different CECs (54, 90 and 
144 meq/100g respectively called as LCEC, MCEC 
and HCEC), calcium sulphate dihydrate (gypsum), 
calcium carbonate (calcite) and water. The overall 
procedure consisted of the sorption of water mole-
cules on single crystallites, sorption of gypsum or 
calcite on water adsorbed clay crystallites, compac-
tion and stress relaxation to achieve the desired den-
sities and finally volume change simulations. The 
simulation steps are illustrated in Fig. 1 and detailed 
procedures are provided in Ahmed and Abduljauwad 
(2017). 

3 RESULTS AND ANALYSIS 

One of the major achievements of this study is the 
development of the correlations of the fabric and 
structure of the clay particles matrix in argillaceous 
rocks and soils with various quantifiable parameters. 
The fabrics of different forms have been found to be 
mainly dependent on the water content, ion types 
and content, CEC and number of isomorphous sub-
stitution centres. In this study, cohesive energy den-
sity (CED) was found to be sensitive to all the possi-
ble changes in the clay mineral structure arising from 
variations in these variables. Therefore, CED has 
been selected as a state parameter to be correlated to 
all the particular features of fabric and structure of 
clay particles matrix and the corresponding behav-
iours. The subsequent discussions on fabric and 
structure have been carried out with respect to the 
selective sorption of the water molecules and ions 
and CED of the respective combination of crystal-
lites.   

 
Table 2. Comparison of swell test results on lab control speci-
mens with the predictions from molecular simulations.  
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1 D-OMC 100 - - 184 187 

2 D-OMC 30 70 - 89 90 

3 D-OMC* 30 70 - 121 117 

4 D-OMC* 30 65 5 41 45 

5 D-OMC* 30 60 10 21 25 

6 D-OMC* 30 55 15 11 13 

7 D-OMC* 30 65 5 51 54 

8 D-OMC* 30 60 10 32 35 

9 D-OMC* 30 55 15 22 25 

*Static compaction D-OMC: Dry of optimum moisture content 

3.1 Molecular-level fabric of clay particles matrix 

The simulations leading to the creation of various 
types of fabrics of the smectite clay minerals inter-
acting with gypsum, calcite and water molecules are 
summarized as four major steps in Fig. 1. To create 
various types of fabrics, water molecules and ions 
from the calcareous salts were selectively adsorbed 
on the individual crystallites. These crystallites ad-
sorbed with various percentage of the water and ions 
were then compacted to create these fabrics. During 
the simulation of the creation of the fabric of any 
specific clay particles matrix, we noted that crystal-
lite orientations, both in the loose and compacted 
conditions, were controlled mainly by the initial wa-
ter content as well as the type of anions and cations 
associated with the Na-montmorillonite crystallite.  
In any existing clay particles interaction models, sur-
face and edges of the particles are assumed to have 
uniform charge distribution. But in this study, it was 
observed that the sorption of the individual water 
molecules and cations from calcareous salts starts 
closest to the charge deficiency centres created due 
to isomorphous substitution. This fact is evident 
from Fig. 2a that shows the snapshot after the sorp-
tion of the first water molecule and sulphate cation 
on the clay crystallite. After sorption at these posi-
tions, water molecules and cat ions then start sorbing 
away from these positions with lesser concentration 
(Fig. 2b). In this way, total water molecules and cat-
ions/anions sorbed at the specific configuration. 
Each of these specific configurations then becomes 
responsible for the alignment of the crystallites with 
respect to each other and hence the creation of sev-
eral possible fabrics such as dispersed, flocculated 
and agglomerated, etc. during the compaction pro-
cess. It has been observed in this study that relatively 
lower water and cation content resulted in a more 
random (dispersed) orientation of the crystallites 
during the loose and compacted states. However, 
higher initial water and cation contents result in a 
more oriented (flocculated/aggregated) fabric. These 
concepts are schematically explained in Fig. 3. In 
Fig. 3, a single crystallite with one isomorphous sub-
stitution centred is shown in three different sorbed 
forms; sorption next to the substitution centre only, 
complete sorption, and an intermediate sorption 
stage. Based on these three configurations of single 
crystallites, each crystallite combines and align with 
similar ones to form three basic combinations. Due 
to these selective orientations, the compaction of the 
unit cells in the molecular simulations have resulted 
in fabrics with several variations in the orientation of 
the crystallites; some typical resulting fabrics with 
various orientations of the Na-montmorillonite crys-
tallites by repeating the unit cells in 3-D are shown 
in Fig. 4. These combinations, respectively classed 
as flocculated and dispersed, result in the clay parti-
cles fabric at nano and micro levels. Several aspects 
of the fabric conceptualized in the molecular simula-



tions were also confirmed and verified through the 
micro investigations/testing. The ESEM results pro-
vided a clear conception of several features of the 
pre- and post-swell fabrics at the particle level. For 
the samples constituting bentonite only without any 
cementation due to the calcareous salts, ESEM re-
sults shown is Figure 5a indicate an open and dis-
persed fabric in the post-swell state.  Lack of any 
cementation due to the absence of the calcareous 
salts have resulted in open fabric visualized in the 
bentonite specimens. On the other hand, samples 
constituting bentonite with gypsum salt showed 
flocculated/aggregated fabric of the nano-clay parti-
cles (Fig. 5b). 
 
 
 
 
 
 
 

 
a. Sorption of Ca and SO4.2H2O ions on a crystallite of Na-
montmorillonite (water content = 10%): Scale bar = 50 Å. 
 
 
 
 
 
 
 

 
b. Sorption of Ca and CO3 ions on a crystallite of Na- 
montmorillonite (water content=60%): Scale bar = 50 Å. 
 
 
 
 
 
 
 

 
c. Compaction of four crystallites of Na-montmorillonite  
by applying the confining pressure: Scale bar = 60Å. 
 
 
 
 
 
 
 

 
d. Unit cell after final volume change simulations: Scale  
bar = 100Å. 
Figure 1. Typical flow process of molecular-level simulations 
with all the stages from single crystallite to final volume change 
of the periodic unit cell. 

 
Figure 2. Selective sorption of SO4 ions from the calcareous 

salts and water molecules: (a) and (b) are the snapshots of the 

initial stage of sorption of the ions and water molecules next to 

the charge deficiency centres created by isomorphous substitu-

tion of Al with Mg. (c) and (d) are corresponding intermediate 

stages of sorption of ions and water molecules. 
 

 

 

 

 

 

Figure 3. Schematics of the formation of the micro-scale fabric 
from the basic units created by the crystallites at various stages 
of sorption of water molecules and ions. 

  

(a)         (b) 
Figure 4. Comparison of clay minerals fabrics created during 
the molecular-level simulations with the ones conceptualized in 
Figure 3. (a) Flocculated fabric showing formation of curly clay 
particles formed by an oblique end to end joining of the 
crystallites (Scale bar=200 Å); (b) Dispersed fabric created 
from end to end and face to face joining of the crystallites 
(Scale bar=100 Å). 

3.2 Molecular-level structure of clay particles 
matrix 

In this study the intermolecular cohesive energy den-
sity (CED), the energy of the mutual attractive forces 
among the molecules, have been considered charac-
teristic of the structure of the clay minerals matrix.  
Generally, CED is expressed as the energy required 
for the transition of a molecule from the liquid phase 



 
 

 
 
 
 
 

 
a. 30% bentonite+70% sand – pre and post swell. 
 
 
 
 
 
 

 
b. 30% bentonite+60% sand+10%gypsum – pre and post swell. 
Figure 5. Comparison of ESEM of the pre and post swell spec-
imens with various bentonite, sand and calcareous salts con-
tents. 
 
 
 
 
 
 
 
 
 

 
Figure 6. Relationship between initial and final density and 
TCED showing three zones of the variation of the fabric and 
swell potential at 25°C temperature and 102 kPa pressure. 

 
with closely placed strongly interacting molecules, to 
the gaseous phase with distant molecules having 
minimal interactions. Quantitatively, the cohesive 
energy density is the amount of energy needed for 
the transition of a mole of material from a liquid to 
gaseous phase and is a measure of the mutual attrac-
tion of molecules. As CED concept is quite analo-
gous to the processes controlling the volume change 
of swelling clays, it has been found to be sensitive to 
all the possible changes in the clay structure arising 
from variations in CEC, interlayer and intralayer-
cations, anions, water, and density conditions. The 
CEDs of the simulated mixes of the clay soils were 
determined using the Forcite module of the software 
for all the simulated steps from the loose state to the 
final volume change. Based on the behaviour of the 
variations of CED with water content and other pa-
rameters, all the CED relationships were combined 
to formulate a set of equations that constitute a na-
noscopic structure model for the clay particles ma-
trix in rocks and soils. Two sets of equations corre-
lating the variation in TCED with initial and final 
density are shown as three distinct behaviour zones 
in Fig. 6. Each zone is indicative of a different fabric 
and structure category. Zone I is typified by the Na-
montmorillonite crystallites with low water or cati-

ons from the calcareous salts and hence shows a high 
volume change tendency with the increase in CED. 
The structure of crystallites in Zone I has therefore 
quite weak bonding and tends to result in a dispersed 
fabric. The particles are loosely adhered to each oth-
er and they show high inclination to disinte-
grate/swell upon interaction with water. On the con-
trary, in Zone II, higher CED is a result of higher 
cation content adsorbed on the Na-montmorillonite 
crystallites. The structure in Zone II is therefore 
flocculated in nature and the particles are much 
strongly bound with each other. In Zone III, agglom-
eration could be noticed due to very high density and 
particles are more aligned and are subjected to lesser 
volume change upon contact with water. Fig. 6 can, 
therefore, be used to ascertain the exact and precise 
nature of the fabric and structure of the clay particles 
matrix in rocks and soils. 

4 CONCLUSIONS 

We developed molecular-level models to elucidate 
the fabric and structure of smectite clay particles ma-
trix in argillaceous rocks and soils. Our molecular-
level model, together with the provided parameters 
and procedures, can be used to describe the behav-
iour of any combination of clay minerals and other 
interacting calcareous salts under the specified con-
fining pressures and temperatures.  
 Creation of various forms of fabric of the clay min-
erals matrix in rocks and soils have been demon-
strated under varying conditions. The demonstrated 
fabrics of different forms such as dispersed, floccu-
lated, and agglomerated can be correlated to the cor-
responding volume change behaviour of the argilla-
ceous rocks and soils. The cohesive energy density 
(CED) has been demonstrated to be a useful indica-
tor of the interaction forces among the clay particles 
in the clay minerals matrix. For any clay mineral 
with the specific CEC, compacted to a known densi-
ty and water content, CED was found to be highly 
sensitive to the type and percentage of the ions from 
the calcareous salts. In this way, CED has been 
proven to be a promising indicator of the assessment 
of the structure and fabric of the clay mineral matrix. 
Based on the relationship of CED with several other 
parameters, three zones with the specific volume 
change behaviour have been identified for the corre-
sponding dispersed, flocculated and agglomerated 
fabrics. The good agreement found between the pre-
dicted and real values for the swelling potential of 
the undisturbed samples suggests that the model pre-
sented here can effectively be used for the assess-
ment of the swelling potential of natural shale/clay 
deposits. These can be used to model clay particles 
matrix behaviour applicable in several industrial 
fields, such as agriculture, petroleum, medicine, 
waste management, and geotechnical engineering.  
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