
1 INTRODUCTION 

Unsaturated soils play a significant role in geotech-
nical and geoenvironmental engineering (Fredlund & 
Rahardjo 1993, Lu & Likos 2004, Ng & Menzies 
2007). However, our knowledge of the fundamental 
failure mechanism of unsaturated soils under the en-
vironmental loads (e.g., humidity and temperature) is 
limited (Borja et al. 2014, Song & Borja 2014, Song 
2017, Song et al. 2017, Song et al. 2018). The physi-
cal behavior of clay is controlled at the particle level 
by the van der Waals, double-layer due to electro-
static interactions, and capillary interactions (Mitch-
ell & Soga 2005). The capillary phenomena among 
soil grains, water, and air have a profound impact on 
the mechanical and transport properties of unsatu-
rated soils. To examine the capillarity, we need to un-
derstand the capillary forces, contact angles, and me-
niscus curvatures. Clay and its related phases present 
a particularly daunting set of challenges for the exper-
imentalist and computational chemist (Teppen et al. 
1995, Cygan et al. 2004, Amarasinghe et al. 2014). 
For this reason, molecular dynamics simulations on 
supercomputers have become extremely helpful in 
providing an atomic perspective on the structure and 
behavior of clay minerals. Temperature variation in-
fluences both mechanical and physical properties of 
unsaturated clay (Mitchell & Soga 2005, Ng & Men-
zies 2007). In this paper, we study the temperature 

impact on the capillary force on the clay particle im-
posed by water meniscus via a full-scale MD model-
ing. In this study, we output the capillary force of an 
unsaturated clay-water system directly from the MD 
simulation. The preliminary results demonstrate that 
MD simulations can be utilized to characterize the 
temperature impact on the capillary force as well as 
the variation of meniscus curvatures of unsaturated 
clay at the atomic scale. The finding has practical im-
plications in formulating physical-based multi-scale 
models for unsaturated soils which bridges the atomic 
scale and the continuum scale.  

2 METHODS AND MATERIALS 

2.1 Molecular dynamics 

Molecular dynamics is a useful computational 
method for studying physical and chemical phenom-
ena occurring at the atomic scale. MD simulation is a 
technique for computing the equilibrium and 
transport properties of a classical many-body system 
(Frenkel & Smit 2002). In MD, the positions, veloci-
ties, and accelerations of the atoms in a molecular 
system are computed by numerically solving the 
equations of Newton's second law of motion (Plimp-
ton 1995). Energy of the molecular system is ex-
pressed using suitable empirical potential energy 
functions or force fields (Cygan et al. 2004, Brook et 
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al. 1983). Successful application of any computa-
tional molecular modeling technique requires the use 
of interatomic potentials (force fields) that effectively 
and accurately account for the interactions of all at-
oms in the model system. 

2.2 Unit cell 

The clay in this study is pyrophyllite, a 2:1 smectite 
mineral, consisting of an octahedral sheet sandwiched 
between two silica sheets, whose chemical formula is 
Al2Si4O10(OH)2 (Mitchell & Soga 2005). Figure 1 (a) 
shows the molecular structure of a unit cell of pyro-
phyllite. The dimension of a unit cell in the x-y-z Car-
tesian coordinate system is 5.2 Å x 9.14 Å x 6.56 Å (1 
Å = 10-10 m = 0.1 nm) which consists of 40 atoms 
(Skipper et al. 1995). In this study, the rigid TIP3p 
water model (Jorgensen et al. 1983) is used to gener-
ate a water body between two clay platelet particles. 
Figure 1 (b) shows the molecular structure of water. 
In this paper, we consider a water body sandwiched 
between two parallel clay particles which is a typical 
structure of platelet clay minerals (Mitchell & Soga 
2005). 
 

 
Figure 1. (a) Molecular structure of a unit cell of pyrophyllite; 
(b) Molecular structure of water. 

2.3 Clay-water system 

In this study, the non-bonded potential energy for clay 
is represented by a CHARMM force field casted for 
pyrophyllite (Teppen et al. 1997, Katti et al. 2005). A 
CHARMM potential for the TIP3P water model 
(Jorgensen et al. 1983) is adopted to model water. Ta-
ble 1 lists Van der Waals parameters for clay and wa-
ter respectively determined by Katti et al. (2005). For 
the CHARMM force field, the total potential energy 
Utot is expressed as a sum of the bonded energy Ub 
and the non-bonded energy Unb, which is expressed 
as follows. 
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where rij is the distance between atom i and atom j, 
ϵ'(  and σ'(  are constants governing the Van der 
Waals energy (i.e., 𝜖AB is the well depth - energy and 
𝜎AB is the distance between two atoms for the mini-
mum energy (Frenkel & Smit 2002)), and qi and qj are 
the electrostatic charges on atom i and atom j, respec-
tively. The parameters between two dissimilar atoms 
i and j are computed via ε'( = ε'ε(  and σ'( =

σ' + σ( 2  (Frenkel & Smit 2002). Here ε', σ'  

are parameters associated with atom i and ε(, σ( 	are 
parameters associated with atom j.  
 
Table 1. Van der Waals parameters for clay and water (Katti et 
al. 2005). 

Atom 𝜀A 
(kcal/mol.Å) 

 𝜎A(Å) qi 

Al 0.150 6.30 1.68 

Si 0.001 7.40  1.40 
O(interior-1) 6.0 2.80 -0.96 
O(interior-2) 6.0 2.80 -0.91 
O(surface) 1.0 3.0 -0.70 
H(clay) 0.0001 2.40 0.40 
H(water) 0.046 0.44 0.417 
O(water) 0.152 3.53 -0.834 

 
  Figure 2 shows the unsaturated clay-water model 
for the numerical simulation. In this model, two clay 
particles are placed parallel to each other with a gap 
(i.e., 42 Å for this study) between them. Each clay 
layer consists of 4 unit cells in the x-direction, 11 unit 
cells in the y-direction, and 1 unit cell in the z-direc-
tion. There are total 1760 atoms in each clay plate. 
The size of the water body in the x-y-z coordinate sys-
tem is 21.12 Å x 40 Å x 40 Å, which includes 1183 
water molecular or 3549 atoms. The total number of 
atoms of the model in this study is 7069. The size of 
the clay-water model in the x-y-z coordinate system 
is 21.12 Å x100.54 Å x 55.12 Å.  
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generated by full-scale MD simulations are consistent 
with the general trend that temperature increase de-
creases contact angle as shown by the published ex-
perimental data (Lu & Likos 2004). Further study is 
underway to measure the contact angle precisely via 
the computational topology at different system tem-
peratures. 
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