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A B S T R A C T

The mechanical behavior of liquid bridges has not been thoroughly understood especially at the nanoscale, and
the macroscopic solution may not apply to nanoscale liquid bridges. Among possible analysis approaches,
molecular dynamics simulation enables investigations of complex physicochemical processes at an atomistic
resolution, which is directly built on the fundamental inter- and intra-molecular forces. In this study, molecular
dynamics simulation is employed to investigate the mechanical behavior of the liquid bridge between two soil
mineral disk particles under tensile loadings. To reveal the dominant physical mechanisms, a series of parametric
studies was conducted considering different mineral types, initial inter-particle distances, and water volumes. It
was found that the interplay of adsorption and capillarity, which is overlooked in the macroscopic solution, is
substantial at the nanoscale.

1. Introduction

Liquid bridges are ubiquitous in granular materials with low degrees
of water saturation, e.g., between sand particles and plate clay particles,
as shown in Fig. 1a and b. The liquid-air interfaces recede with de-
creasing degree of saturation until the liquid phase becomes isolated or
discontinuous, and then capillarity becomes dominant in the particle-
water interactions. The capillary forces exerted by liquid bridges are a
primary source of cohesion of granular materials (Mitarai and Nori,
2006), substantially altering their mechanical properties. Therefore, the
capillary forces from liquid bridges are common and important in many
engineering and science areas, e.g. geotechnical engineering (Lu and
Likos, 2004), food process engineering (Peleg, 1977), and medicine
(Alencar et al., 2001).

In geotechnical engineering, capillary forces exerted by liquid
bridges are among the major physical mechanisms contributing to the
tensile strength of soils (Lu and Likos, 2006; Lu et al., 2007). An exact
force-inter-particle distance relationship for the liquid bridges between
soil particles is required to understand and predict the mechanical be-
havior of granular soils. For instances, various constitutive models have
been proposed for liquid bridges to implement with the discrete ele-
ment methods (El Shamy and Gröger, 2008; Scholtès et al., 2009; Soulié
et al., 2006) with the emerging of the particle level simulation tech-
niques (Cundall and Strack, 1979). From the macroscopic viewpoint,
liquid bridges are regarded as a continuum and based on that, a theo-
retical solution (referred as “macroscopic solution” in the rest of this

paper) has been formulated to quantify the capillary forces from liquid
bridges (Rowlinson and Widom, 2013). The capillary forces from liquid
bridges are composed of two components, i.e. the negative water
pressure and the surface tension (Fortes, 1982). The Young-Laplace
equation (Laplace, 1806; Young, 1805) is frequently used to relate the
negative water pressure to the surface tension. However, it still remains
obscure whether the macroscopic solution applies to nanoscale liquid
bridges which are prevalent in silty and clayey soils. At the nanoscale,
adsorption becomes manifest, and water tends to behave as discrete
layers (or even particles) rather than a continuum. Therefore, the
macroscopic solution may not be able to fully capture the mechanical
behavior of liquid bridges.

Molecular Dynamics (MD) simulation makes it possible to model
complex physicochemical processes at an atomistic scale resolution. In
recent years, some researchers in soil-related communities have ex-
plored complex soil behaviors using MD (Bourg and Sposito, 2010;
Bourg and Sposito, 2011; Ichikawa et al., 1999; Katti et al., 2005a; Katti
et al., 2005b, 2007; Katti et al., 2015; Zhang et al., 2016a; Zhang et al.,
2016b). Most of these studies focused on the clay behaviors under
various external conditions. As for the liquid bridge, the meniscus of the
capillary water between soil particles have already been investigated
via MD simulations. For instance, Amarasinghe and Anandarajah
(2011; Anandarajah and Amarasinghe, 2011) employed MD simula-
tions to study the effects of fabric variables on the capillary water
meniscus and utilized the simulation results to interpret the hysteresis
of fine-grained soils. Amarasinghe et al. (2014) used MD simulations to
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investigate the capillary forces between pyrophyllite particles. How-
ever, to date, no MD studies has been directed to the understanding of
the mechanical properties of liquid bridges between soil particles under
tensile loadings.

In this study, nanoscale liquid bridges between soil disk particles
were investigated via molecular dynamics to investigate the possible
limitations and deviations of the macroscopic solution. At first, the
capillary force of a liquid bridge between two disk particles was for-
mulated using the macroscopic solution. Then, MD simulation is ex-
plored for its use in understanding the mechanical performance of such
liquid bridges at the nanoscale. A series of parametric studies was
conducted to investigate the effects of the mineral type, initial inter-
particle distance and liquid water volume on the mechanical behavior
of liquid bridges. At last, MD simulation results were compared with the
results calculated with the macroscopic solution to highlight possible
limitations and deviations of the macroscopic solution.

2. Macroscopic solution

In this section, the liquid bridge between soil particles was for-
mulated using continuum theories to prepare for the later comparisons
between MD simulations and the macroscopic solution. The geometry
of the liquid bridge of interest was simplified into a physical model
illustrated in Fig. 1c. Water is retained between two parallel solid plates
with a contact angle of θ, a distance between plates of D, and a
spreading length of lw. The configuration in Fig. 1c can represent two
types of liquid bridges (Fortes, 1982): (1) the axisymmetric liquid
bridge or θ liquid bridge, in which the plates are infinite, and the
boundary condition is the contact angle between the liquid and the
plates, θ, and the spread length, lw = 2r; and (2) cylindrical symmetric
liquid bridge or r liquid bridge, in which the plates are circular with a
radius of r and the liquid touches the plates. This study focuses on the θ
liquid bridge which is easier to model with the periodic and infinite
boundary condition in MD simulation.

The θ liquid bridge can be further divided into four symmetric re-
gions in a 2D x–z Cartesian coordinate system by placing the origin at
the center of the liquid bridge. This allows considering the region of
“0123” to evaluate the capillary force, where x(z) is a function to de-
scribe the profile of liquid-air interface. The coordinates of the other
three corner points can be identified as 1 (xe, 0), 2 (r, d), and 3 (0, d). At
point 1 (xe, 0), the slope of x(z) is a known boundary condition equal to
zero (i.e., x'(0)=0). For any given liquid bridge profile, the volume of
the water can be determined by any combinations of two parameters
out of r, d, and θ. For the θ liquid bridge, the volume of water (V) is
defined as the unit volume per length of the plate.

With the assumption of negligible gravitational distortion, the
equilibrium shape of the liquid bridge can be determined by minimizing
the Helmholtz free energy in a closed solid-liquid-air system (De
Bisschop and Rigole, 1982; Fortes, 1982; Truong et al., 2011). In a 2D
x–z Cartesian coordination system with an interface profile of liquid
bridge x(z), the total Helmholtz free energy (H) of this system in unit
length can be expressed as (De Bisschop and Rigole, 1982):

∫= ⋅ + ′ + ⋅ + ′ + −H γ x P x x dz γ γ r4 [ (1 ) (1 ) ] ( )
d
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where γla, γsl, γsa, are the surface tensions of liquid-air, solid-liquid, and
solid-air interfaces respectively; and Pa is the air pressure. Eq. (1)
consists of three components: surface free energy on the liquid-air in-
terface, surface free energy on the solid-liquid interface, and the free
energy of the liquid body. The liquid profile x(z) meets the requirement
of minimizing the total free energy (H) under the constraint condition
of a constant volume of the liquid bridge (V) as:
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d
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The minimization of the total free energy is essentially a problem of
conditional variation with movable boundaries and can be solved by
introducing an additional constraint of Young-Laplace equation
(Adamson and Gast, 1997):
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where Pa and Pw are the pressures of air and water, respectively. Eqs.
(1), (2) and (3) formed a governing equation set which can be solved
numerically to determine the liquid bridge profile. Following Lian et al.
(1993), the modified Euler method was selected to numerically solve
Eqs. (1), (2) and (3).

An attractive or repulsive force is needed to sustain the liquid bridge
between parallel plates at a given separation D = 2d in equilibrium,
depending on the surface wettability or contact angle. Given the exact
liquid bridge profile, the applied force (F) can be calculated as (Fortes,
1982):

= ⋅ + ⋅ ⋅F P πr γ θ πrΔ sin 22
la (4)

In Eq. (4), the force consists of two components: one due to the
pressure difference across the curved liquid-air interface and the other
term resulting from the surface tension exerted by the liquid-air inter-
face. To better interpret the results from this macroscopic solution and
its comparisons with MD simulations, the key quantities such as liquid
volume, separation distance, and forces were normalized into relative
variables:

=∗V V
πr3 (5)

=∗d d
V1 3 (6)

=∗F F
πγ Vla

1 3 (7)

where V⁎, d⁎, and F⁎ are normalized volume, distance, and capillary
force, respectively. A numerical solution of the governing equations for
x(z) may not exist for a given contact angle and liquid volume when the
distance of plate increases beyond a critical point. This critical point
was considered as the rupture of the liquid bridge.

3. Molecular dynamics simulation

3.1. Atomistic structures and force field

In sands and silts, the most common minerals are quartz, feldspar,
and mica (Mitchell and Soga, 2005). The wettability of these minerals

Fig. 1. Schematic of soil-water interaction in the pendular regime for (a) sandy particles,
(b) clay particles, and (c) simplified conceptual model of the liquid bridge at contact.
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was studied in a recent study of the authors (Zhang et al., 2016b), re-
vealing that their wettability was quite different from each other. As a
result, the liquid bridge profile is expected to vary with the soil mineral
types. Accordingly, the liquid bridge force varies with the soil mineral
types. Due to this consideration, it is important to account for the
properties of local soil particles when one performs microscale simu-
lations such as those with discrete element methods. Herein, the effects
of the soil mineral types on the capillary force were investigated via MD
simulations on the three common minerals, i.e., α-quartz, orthoclase
and muscovite. The lattice parameters and contact angles of these three
soil minerals have been well determined (Levien et al., 1980;
Richardson and Richardson, 1982; Tseng et al., 1995; Zhang et al.,
2016b), which are summarized in Table 1.

A force field is a fundamental relationship for molecular systems.
Such a force field is usually expressed as a set of functions and para-
meters to describe interatomic potentials mathematically. The current
study focused on the liquid bridge between soil mineral disk particles
which is composed of soil minerals and water. In such a simulation
system, three groups of interatomic interactions need to be taken into
consideration: the mineral-mineral interaction, the mineral-water in-
teraction, and the water-water interaction. Herein, the first two groups
of interactions were formulated using non-bonded interaction poten-
tials (Unb), and the last group of interaction was formulated using
conventional water models (Uw) [32]. Therefore, the total potential
energy (Utotal) can be expressed as:

= +U U Utotal nb w (8)

3.1.1. Interaction among mineral and water
In terms of the non-bonded interaction, the interatomic potential

energy is expressed as a combination of the Coulombic interaction
energy (UCoul) and the van der Waals interaction energy (UvdW):
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where qi and qj are partial charges of atom i and j, respectively; ε0 is the
dielectric permittivity of vacuum, i.e. 8.85419 × 10−12; e is the charge
of the electron; rij is the distance between atom i and j; εij is the char-
acteristic energy; and σij is the distance corresponding to the minimal
interaction energy. As for the interactions between different atomic
species i and j, the values of εij and σij were calculated according to the
Lorentz-Bertholet mixing rule as (Allen and Tildesley, 1989):

= = +ε ε ε σ σ σ, 1
2

( )ij i j ij i j (10)

In Eq. (9), the non-bonded interaction is determined by the para-
meters qi and qj, εij and σij. In general, the partial charges qi and qj are
derived from quantum calculations while the parameters εij and σij are
determined by empirically fitting to physical and structural properties
(Cygan et al., 2004). A number of values were reported for these
parameters in different models (Cygan et al., 2004; Lopes et al., 2006).

Among these models, the ClayFF force field model has been successfully
employed to simulate quartz (Skelton and Fenter, 2011) and muscovite
(Teich-McGoldrick et al., 2012). Therefore, the values of qi and qj, εij
and σij were adopted from the ClayFF force field (Cygan et al., 2004) for
simulating α-quartz and muscovite. For orthoclase, the ClayFF force
field cannot make the simulation system charge neutral and conse-
quently will result in simulation errors. Hence, the ClayFF force field is
not applicable for modeling orthoclase in MD simulations. Kerisit et al.
(2008) modified these parameters in the ClayFF force field to enable the
simulation of orthoclase. These modified parameters were adopted in
the simulations of orthoclase in this study.

3.1.2. Interaction among water molecules
Various water models have been proposed for the water-water in-

teraction (e.g., Simple Point Charge model (Berendsen et al., 1981),
Extended Simple Point Charge (SPC/E) model (Berendsen et al., 1987),
3-Point Transferable Intermolecular Potential model, and 4-Point
Transferable Intermolecular Potential model (Jorgensen et al., 1983)).
Šolc et al. (2011) investigated the contact angle of kaolinite with dif-
ferent water models and found that the simulated contact angle was
insensitive to the selection of water models. Therefore, the SPC/E
model was adopted to be consistent with the ClayFF force field. The
interaction potential for the SPC/E water model can be expressed as
(Cygan et al., 2004):

= + + + = +

+ − + −

U U U U U U U

k r r k θ θ( ) ( )ij ijk

w Coul vdW bond stretch angle bend Coul vdW

1 0
2

2 0
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where the expressions of UCoul and UvdW are identical to those in Eq.
(9); Ubond stretch is the bond stretch energy; Uangle bend is the angle bend
energy; k1 and k2 are force constants; r0 is the equilibrium bond length;
θijk is the bond angle for the hydrogen-oxygen-hydrogen; and θ0 is the
equilibrium bond angle.

3.2. Initial configuration

As illustrated in Fig. 2, the initial liquid bridge system includes two
parallel soil mineral substrates and a rectangular bulk water body be-
tween them. The dimensions of the simulation box were set as
200 × 20 × (160 + D) Å3 and adjusted to ensure the integrity of

Table 1
Lattice parameters and contact angles of the selected soil minerals.

Mineral type Chemical formula Lattice parametersd Contact anglee [°]

a [Å] b [Å] c [Å] α [°] β [°] γ [°]

α-quartza SiO2 4.916 4.916 5.405 90 90 120 29
Orthoclaseb KSi3Al3O12H12 8.544 13.03 7.195 90 115.68 90 36
Muscovitec KSi3AlO8 5.199 9.027 20.106 90 95.782 90 116

a Levien et al. (1980).
b Tseng et al. (1995).
c Richardson and Richardson (1982).
d Lengths of the unit cell edges (a, b and c) and the angles between them (α, β, and γ).
e MD simulation results from Zhang et al. (2016b).

z

y x

lw

200 Å 

DD 3.1Å

Fig. 2. Initial configuration of the liquid bridge system.
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crystal cells of the soil mineral. The dimensions of mineral substrates
were selected as 200 × 20 × 20 Å3 while those of the bulk water body
were lw × (20–3.1) × (D− 3.1) Å3. The dimensions of the liquid
bridge system in the x- and y- directions were identical to those of the
simulation box while its dimension of in the z- direction was 120 Å
smaller than that of the simulation box. The liquid bridge system was
placed at the center of the simulation box in the z- direction. The extra
space in the z- direction of the simulation box was reserved for the
increase in the distance between plates.

The soil mineral substrates were modeled through stacking soil
mineral crystal unit cells, which are summarized in Table 1, to match
the dimensions of 200 × 20 × 20 Å3. Then, the two soil mineral sub-
strates were placed in parallel with each other with an inter-particle
distance of D. The isomorphous substitution in orthoclase and musco-
vite makes this process more complicated. Herein, the isomorphous
substitution was tackled by assuming that it is uniformly distributed in
the soil mineral substrates (Zhang et al., 2016b).

A molecular system involving water molecules is usually very sen-
sitive to the initial configuration of the water. A bad initial configura-
tion of the water molecules may cause simulation errors or convergence
problems. This issue was tackled with a numerical tool called Packing
Optimization for Molecular Dynamics Simulations (PACKMOL)
(Martínez et al., 2009) which could generate configurations of water
molecules suitable for MD simulations. The dimensions of the water
body in the y- and z- directions are 3.1 Å shorter than those of the initial
inter-particle distance (Dinitial) and the simulation box, respectively, to
avoid an excessively short distance between water molecules and mi-
neral atoms. The number of water molecules was determined by en-
suring that the water body exhibits a density identical to that of bulk
liquid water.

In addition to the mineral type, the influences of the initial inter-
particle distance and the water volume were analyzed through a series
of MD simulations. The parametric settings for all the simulation cases
were summarized in Table 2. In Simulations No. 1–3, the mineral type
varied from α-quartz, orthoclase to muscovite with Dinitial = 30 Å and
Dinitial × lw = 1800 Å2 to analyze the influence of mineral type. In Si-
mulations No. 1 and 4–6, Dinitial varied from 20 Å, 30 Å, 40 Å to 50 Å
with α-quartz and Dinitial × lw = 1800 Å2 to analyze the influence of
the initial inter-particle distance. In Simulations No. 1 and 7–9,
Dinitial × lw varied from 1500 Å2, 1800 Å2, 2100 Å2 to 2400 Å2 with α-
quartz and Dinitial = 30 Å to analyze the influence of the water volume.

3.3. Simulation details

In order to prepare a stable initial liquid bridge system, the liquid
bridge system was first equilibrated for 1.0 ns under an NVT ensemble
(i.e., constant number, volume, and temperature) with a temperature of
300 K. Then, the liquid bridge systems were subjected to tensile

loadings with a step by step displacement-controlled loading scheme in
the z-direction. Every step consists of two subsequent stages: loading
stage and equilibrium stage. During the loading stage, the upper (up-
wards) and lower (downwards) soil mineral slabs were moved si-
multaneously. The velocity of movement was set as 1.0 × 10−5 Å/fs.
The loading process was run for 0.1 ns. Thus, the inter-particle distance
increased by 2 Å in every step. Then, the liquid bridge system was
equilibrated for 2 ns during the equilibrium stage. The capillary force
between the water and the soil mineral particles was recorded during
the last 1 ns of the equilibrium stage. This process was repeated until
the rupture of the liquid bridge. The inter-particle distance in the last
step is regarded as the rupture distance of the liquid bridge system.

MD simulations were conducted with the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) (Plimpton, 1995;
Plimpton et al., 2007) and visualized with the Open Visualization Tool
(OVITO) (Stukowski, 2010). The van der Waals interactions were
truncated to 12 Å, while the long-range Coulombic forces were calcu-
lated using the Particle-Particle Particle-Mesh (PPPM) method
(Hockney and Eastwood, 1988) with an accuracy of 99.99%. Water
molecules were kept rigid by using the SHAKE algorithm (Ryckaert
et al., 1977) to reduce computational costs. The movements of soil
mineral atoms were fixed to reduce the computational cost as suggested
in Amarasinghe and Anandarajah (2011). Newton's equations of motion
were integrated with a time step of 1.0 fs.

4. Density profiles and contact angles

According to the ergodic hypothesis, the MD simulation system will
visit all the states in the phase space with sufficient running time. The
statistical weights of these states are consistent with the macroscopic
variables imposed through ensembles (Tadmor and Miller, 2011).
Therefore, it is feasible to compute the macroscopic variables using
time average profiles over a time, Δt, that is long enough. The fact that
the total potential energy of the simulated systems kept fluctuating
around a particular value after 1.0 ns suggests a calibrated time of
1.0 ns. The clear and smooth liquid-air interfaces observed in Figs. 3–5
further proved that Δt = 1.0 ns is sufficient to compute the macroscopic
variables. The trajectories of water atoms in the last 1.0 ns were re-
corded to compute time average density profiles.

Fig. 3 presents the snapshots of the liquid bridge systems for dif-
ferent soil minerals (Simulations No. 1, 2 and 3 for α-quartz, orthoclase,
and muscovite, respectively). As a result of free energy minimization,
the artificial rectangular water bodies in the initial configuration
evolved and formed curved liquid-air interfaces connecting the two
mineral substrates. The corresponding time average density profiles for
Simulations No. 1, 2 and 3 were obtained following Zhang et al.
(2016b). This helped determine the contact point precisely and conse-
quently an accurate contact angle for each mineral. The light color on
the liquid-air interface suggests the dynamic balance between the
evaporation and condensation of the water molecules across the phase
boundary. A thin layer of dark color attached to the mineral surface
indicated that the strong interaction between the mineral atoms and
adjacent water molecules pulls the molecules tightly together, resulting
in a water density of larger than 2.0 g/cm3.

Contact angles can be determined by fitting physically-based
equations to the time average density profiles [28]. The calculated
contact angles are 29° for α-quartz, 34° for orthoclase, and 86° for
muscovite, indicating that α-quartz and orthoclase are hydrophilic, and
muscovite is more or less between hydrophilic and hydrophobic. These
contact angles are different from the contact angles measured through
placing water droplets on solid substrates (as listed in Table 1). For
clarity, the contact angles in these two conditions were differentiated as
(a) meniscus contact angle (Table 2) and (b) sessile-droplet contact
angle (Table 1). In general, the values of the meniscus contact angles
are smaller than the corresponding sessile-droplet contact angles. This
decrease is attributed to the change of soil fabrics (Amarasinghe and

Table 2
Parametric settings for molecular dynamics simulations and corresponding meniscus
contact angles.

Simulation No. Mineral type Initial Configuration Equilibrium state

Dinitial

[Å]
lw
[Å]

Contact angle
[°]

1 α-quartz 30 60 29
2 Orthoclase 30 60 34
3 Muscovite 30 60 86
4 α-quartz 20 90 28
1 α-quartz 30 60 29
5 α-quartz 40 45 52
6 α-quartz 50 36 66
7 α-quartz 30 50 34
1 α-quartz 30 60 29
8 α-quartz 30 70 29
9 α-quartz 30 80 29
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Anandarajah, 2011). The values of the meniscus contact angles and
sessile-droplet contact angles are very close for α-quartz and orthoclase.
This indicates that soil fabrics have limited effects on the contact angles
of these minerals, which agrees with the observation of Amarasinghe
and Anandarajah (2011) on pyrophyllite. The contact angle of pyr-
ophyllite is around 50°, suggesting that pyrophyllite is also hydrophilic.
On the contrary, the values of the meniscus contact angle were found
significantly differ from the sessile-droplet contact angle for muscovite.
The meniscus contact angle of muscovite is 30° smaller than the sessile-
droplet contact angle. Therefore, the observations on pyrophyllite in
Amarasinghe and Anandarajah (2011) may not apply to muscovite. It is
thus postulated that the contact angles of muscovite are more sensitive
to changes in soil fabrics.

The time average density profiles of the liquid bridge systems with
different initial inter-particle distances (Simulations No. 4, 5 and 6)
were presented in Fig. 4. The liquid bridges formed stable and smooth
menisci with these initial distances. Meanwhile, a clear thin layer of
water molecules with a dark color extended beyond the contact point of
the meniscus with the substrates. This layer of water is an adsorptive
water film resulting from the strong attractive interactions of the mi-
neral substrates. The meniscus contact angles were determined as 28°
for Dinitial = 20 Å, 52° for Dinitial = 40 Å, and 66° for Dinitial = 50 Å. The
meniscus contact angles increase with increasing initial inter-particle
distances. This trend can be explained by that, with an increasing
Dinitial, the influence of the mineral interaction on the capillary water

turns weaker, leading to a greater meniscus contact angle.
The effects of the water volume on the time average density profiles

(Simulations No. 7, 8 and 9) were shown in Fig. 5. No significant dif-
ferences were observed among the meniscus shapes. The meniscus
contact angles were determined as 34° for lw = 50 Å, 29° for lw = 70 Å,
and 29° for lw = 80 Å. Despite Simulation No. 7 (lw = 50 Å), the dif-
ferences between these meniscus contact angles were negligible. These
results clearly indicated that the meniscus contact angle is insensitive to
the water volume.

5. Capillary forces and rupture distances

Fig. 6a presents the normalized capillary force of the liquid bridge
systems with different mineral types under tensile loadings. As can be
seen, the MD results of the normalized capillary force do not change
smoothly with inter-particle distance, but instead, demonstrate sig-
nificant oscillations. This is because the water molecules behave as
discrete molecular layers rather than a continuum at the nanoscale.
This behavior results in the rapid fluctuations in the disjoining pressure
and free energy with the normalized distance as pointed in Cheng and
Robbins (2014). The normalized capillary forces before applying tensile
loadings (referred as ‘initial normalized capillary force’ in the rest of the
paper) of α-quartz and orthoclase were close due to their similarity in
the wettability. However, the initial normalized capillary force of
muscovite was smaller than those of α-quartz and orthoclase. The initial

Fig. 3. Snapshots of the equilibrated liquid bridge systems (left) and time average density profiles of the liquid bridges (right) between plates of different soil minerals: (a) α-quartz, (b)
orthoclase, and (c) muscovite.

(a) Dinitial = 20 Å (b) Dinitial = 40 Å (c) Dinitial = 50 Å

=28o

=52o

=66o

[g/cm
3
]

Fig. 4. Time average density profiles of the liquid bridges between α-quartz mineral plates before tensile loadings with different initial inter-particle distances: (a) Dinitial = 20 Å; (b)
Dinitial = 40 Å; and (c) Dinitial = 50 Å.
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normalized capillary forces of these three soil minerals were all posi-
tive, indicating that the capillary forces tend to pull the two mineral
substrates together. Fig. 6b illustrates the normalized rupture distance
with different mineral types. The rupture distance of muscovite is much
larger than those of α-quartz and orthoclase.

Fig. 7a presents the normalized capillary force results of the liquid
bridge systems obtained with different initial inter-particle distances
under tensile loadings. In general, the initial normalized capillary force
decreases with the normalized distance, and large oscillations of the
normalized capillary force were observed. Fig. 7b shows that the nor-
malized rupture distance significantly increases with the initial inter-
particle distance. The trend is very likely to be caused by the interplay

of adsorption and capillarity. Supposing that there is only capillary
water between soil particles, all the water molecules should tend to
move towards the center of the liquid bridge. However, in fact, ad-
sorptive water molecules remain at their adsorption sites under tensile
loadings. To further illustrate this mechanism, the snapshots of the li-
quid bridge systems at D= 30 Å with different initial inter-particle
distance, i.e., Dinitial = 20 Å (Simulation No. 1) and Dinitial = 30 Å (Si-
mulation No. 4), were compared in Fig. 8. Although the water volume
and current substrate distance are identical in Simulations No. 1 and 4,
the distributions of water molecules are quite different. Evidently, more
water molecules belong to the adsorptive water in the Simulation No. 4
(Dinitial = 20 Å) while more water molecules belong to the capillary

(c) 80 Å(b) 70 Å(a) 50 Å

=34o
=29o =29o

wl = wl = wl = [g/cm3]

Fig. 5. Time average density profiles of the liquid bridges between α-quartz plates with different water volumes in terms of (a) lw = 50 Å; (b) lw= 70 Å; and (c) lw = 80 Å.
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water in the Simulation No. 1 (Dinitial = 30 Å). As a result of such in-
terplay of adsorption and capillarity, the initial inter-particle distance
may impact the tensile behavior of the liquid bridges. In other words,
such a liquid bridge system has memories in that its historical evolu-
tions affect the current state.

Fig. 9a presents the effects of the water volume on the mechanical
response of the liquid bridge systems under tensile loadings. The os-
cillatory behaviors of the normalized capillary forces were also ob-
served in these cases. The initial normalized capillary force increases
with the water volume. Fig. 9b shows that the normalized rupture
distance increases with the water volume. This phenomenon can be
interpreted through the interplay of adsorption and capillarity as well.
The snapshots of the liquid bridge systems at D = 40 Å with different
water volumes, i.e., lw = 50 Å (Simulation No. 1) and lw = 80 Å (Si-
mulation No. 4), were compared in Fig. 10. Evidently, the ratio of the
adsorptive water to the capillary water decreases with the increasing
water volume, albeit the amounts of the adsorptive water are close in
both simulation cases. That is, the portion of the capillary water in-
creases with the water volume. As a result, the normalized rupture
distance increases with the water volume.

The macroscopic solution was also shown in Figs. 6, 7 and 9 to
compare with the MD simulation results. In general, the macroscopic
solution is comparable to the MD simulation results in terms of the
initial capillary force and rupture distance for α-quartz and orthoclase.
However, as for muscovite, the macroscopic solution differ remarkably
from the MD simulation results. Therefore, the macroscopic solution
may not apply to the liquid bridges between muscovite substrates.
Besides, the oscillatory behavior of the capillary force of the liquid
bridges at the nanoscale cannot be captured by the macroscopic solu-
tion which is based on the continuum theory. The effect of adsorption
on the capillary force becomes manifest at the nanoscale, which is
confirmed by the results shown in Figs. 7 and 9. Therefore, the interplay
of adsorption and capillarity is not negligible in understanding the
mechanic behavior of the liquid bridges at the nanoscale. In summary,
the effect of the adsorptive water cannot be captured by the macro-
scopic solution.

6. Summary and conclusions

The liquid bridge between particles is a primary mechanism ex-
plaining the tensile strength of granular materials. Traditional micro-
mechanical theory based on the capillary theory and an assumption of
continuous material may fail to predict the mechanical behavior of this
structure at the nanoscale. This is because the atomic forces and par-
ticles may deviate the behavior of materials from continua and parti-
cles. In addition, phenomena such as adsorption are excluded in the
continuum theory. This study introduces molecular dynamics simula-
tion as an innovative computational approach to answering the above
scientific questions for deepening the understanding of the mechanical
behavior of the liquid bridges at the nanoscale. Molecular dynamics
simulation was implemented for quantifying the effects of mineral type,
initial inter-particle distance and water volume on the mechanical be-
havior of the liquid bridge, whose results were compared to the mac-
roscopic solution. This study led to several significant findings that have
never been reported. The major findings are summarized in the fol-
lowings.

1. As for α-quartz and orthoclase, the meniscus contact angles are close
to the sessile-droplet contact angles. However, the effect of soil
fabrics may significantly change the contact angle of muscovite.

2. There exist significant oscillations in the capillary force with inter-
particle distance, caused by the fact that water molecules tend to
behave as discrete molecular layers rather than a continuum at the
nanoscale. This observation cannot be predicted by the macroscopic
solution.

3. The nanoscale liquid bridge has memories. That is, the current
mechanical behavior is dependent on its historical evolutions.

4. The normalized rupture distance increases with the initial inter-
particle distance and water volume, which is attributed to the in-
terplay of adsorption and capillarity. The effect of adsorption is
substantial for the capillary force at the nanoscale. Nonetheless, this
effect cannot be captured by the macroscopic solution.
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