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Abstract
The interfacial tribology between clay and sand could significantly affect the mechanical stability of soil structures, while it

remains unclear in the microscale. In this study, molecular dynamics (MD) simulation method has been employed to

investigate the nanoscale friction behavior between quartz and montmorillonite at dry state, where quartz and montmo-

rillonite are the common components of sand and clay, respectively. The effects of normal load, interlayer cations, and

sliding velocity on their frictional behavior were discussed. The simulation results indicated that the stick–slip effect during

friction process was gradually weakened with the increasing sliding velocity or decreasing normal load. The shear stress

increased with the increasing normal load, exhibiting an approximately linear relationship. The order of friction coeffi-

cients of montmorillonite-quartz with different interlayer cations was Ca2?[Zn2?[Ni2?[ Pb2?[Li?[Rb?-

[Cs?[K?, illustrating that the friction coefficient of montmorillonite-quartz systems with divalent cations was greater

than that with monovalent cations. The friction angle of montmorillonite-quartz with different interlayer cations varies

from 6.96 to 17.28�. Moreover, the friction load rose linearly with the sliding velocity, indicating that nanoscale friction

was velocity-dependent.
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1 Introduction

Clay and sand are among the most common soil types,

widely used in various geotechnical engineering projects

including foundations and underground structures. These

soils often coexist and interact, generating frictional forces

that significantly affect the mechanical stability of soil

structures. Additionally, the frictional behavior between

clay and sand is crucial in various engineering fields, such

as nuclear waste disposal and geothermal energy extrac-

tion. Quartz is a common component of sand, while

montmorillonite is a prevalent clay mineral for its low

frictional properties and high expansion capacity [21]. The

mechanical properties of montmorillonite are significantly

influenced by temperature, pressure, hydration state, cation

type, and the presence of CO2 [35]. Many geological dis-

asters (e.g., earthquakes, faults, landslides, debris flows,

etc.) are usually caused by frictional/shear sliding between

soil mineral particles [14]. For instance, the anomalous

large slip (50–80 m) during the 2011 Tohoku earthquake

was attributed to the presence of a soft clay layer (e.g.,

montmorillonite) within the fault zone [13, 52]. Therefore,

a thorough understanding of the friction behavior at the

quartz-montmorillonite interface is crucial for advance-

ments in soil mechanics and engineering design.

So far, the friction behavior of clay and sand is typically

investigated through experiments, such as triaxial shear

tests, rotational shear friction tests [16, 26], and biaxial

friction tests [49]. These studies indicated that the tem-

perature [26], hydration state [49], normal load [34], and

interlayer cations [3, 49] can significantly influence their

frictional properties at the macroscale. However, most

macroscale friction studies have primarily focused on
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individual quartz or montmorillonite samples. On the other

hand, the frictional characteristics of quartz and montmo-

rillonite mixtures was also investigated. For example, Ikari

et al. [19] conducted shear tests on soil samples composed

of mixtures of calcium montmorillonite powder and quartz

sand in various proportions. Saffer et al. [40] investigated

the frictional behavior of different ratios of montmoril-

lonite and quartz through laboratory tests. Li et al. [28]

developed a cohesion model for saturated montmorillonite-

quartz remolded soil under acid rain conditions, finding

that cohesion initially decreased, then increased, and ulti-

mately decreased again. Tembe et al. [48] examined the

frictional behavior of clay materials with quartz under

stress conditions. These studies have significantly con-

tributed to understanding the frictional characteristics of

montmorillonite and quartz mixtures. However, a detailed

understanding of the nanoscale tribology of soil at the

microscale remained unclear, especially the interfacial

friction of montmorillonite and quartz. These gaps limit

our ability to develop comprehensive models for accurately

predicting friction across different scales.

In macroscopic experiments, it is challenging to reveal

the interfacial friction mechanisms of materials. On the

other hand, the nanoscale tribology studies can uncover the

fundamental friction mechanisms [17]. In the late twentieth

century, the rapid development of nanoscience and tech-

nology has enabled extensive exploration of mechanical

phenomena from macro- to nanoscale. Nanotribology [4], a

branch of tribology, has made significant advances in

theory, experimentation, and simulation. Techniques such

as friction force microscopy [18], optical microscopy, and

scanning electron microscopy have been used to study the

friction properties of various materials [19]. Molecular

dynamics (MD) simulation method becomes a versatile

tool in nanotribology for exploring the dynamic processes

of structural changes and providing atomic-level informa-

tion of materials [20], such as asphalt, polymers, and gra-

phene [18, 51, 59]. However, the study of nanoscale

friction in soil/rock remained limited.

Wei et al. investigated the nanoscale interfacial friction

of hydrated montmorillonite [56] and quartz-kaolinite

system [55] through MD simulation method, considering

normal load, sliding velocity, hydration, etc. They revealed

the fundamental friction mechanism of soil and discussed

the stick–slip effect. Xu et al. [60] utilized MD simulations

to investigate the interfacial friction behavior of quartz

under various factors, including normal load, water lubri-

cation, and surface orientation. To identify the origins of

molecular and macroscopic friction, Sakuma et al. studied

the nanoscale friction behavior of mica surfaces [41] and

montmorillonite with different cations [42] through density

functional theory calculations and direct shear tests. Abbasi

et al. [1] examined the effects of hydration and hydrostatic

stress on the sliding mechanisms of sodium montmoril-

lonite using MD simulations. Ying et al. [61] discussed the

effect of ion type and concentration on the frictional

behavior of montmorillonite. However, studies on the

interfacial friction behavior of mixtures of different geo-

materials at the nanoscale are still scarce, particularly for

the interface between quartz and montmorillonite.

In this work, the steered molecular dynamics (SMD)

simulation method was employed to investigate the

nanoscale tribology between montmorillonite and quartz,

considering the effects of normal load, interlayer cation,

and sliding velocity. The frictional mechanism of dry

montmorillonite-quartz and its structural properties were

discussed. The friction angles of montmorillonite-quartz

concerning different interlayer cations and sliding veloci-

ties were obtained to compare with previous work. More-

over, the evolution of total energy, pairwise interaction

energy, and potential of mean force (PMF) were discussed.

This work aims to gain an in-depth understanding of the

frictional behavior at the nanoscale interface between

montmorillonite and quartz, thereby providing new per-

spectives and theoretical foundations for tribological

research at the macroscopic scale.

2 Simulation details

2.1 System setup

Montmorillonite is the primary mineral in bentonite,

comprising 50% to over 90% of its composition, whereas

the quartz content is relatively low. In this study a mont-

morillonite-quartz model (see Fig. 1) was established to

facilitate computational feasibility and to uncover the

fundamental interfacial mechanisms at the molecular level.

As shown in Fig. 1, the Ca-montmorillonite-quartz inter-

face model consists of a quartz slider and montmorillonite

substrate, where the unit cell of montmorillonite and quartz

model was derived from Viani et al. [53] and Levien et al.

[27], respectively. Moreover, the accuracy of the mont-

morillonite model used in this work was verified in our

previous work [57] through comparison with other exper-

imental and simulation studies. It was worth noting that

eight montmorillonite-quartz models with different inter-

layer cations were established, such as Ca2?, Zn2?, Ni2?,

Pb2?, Li?, Rb?, Cs?, and K?. The quartz slider

(10a 9 7b 9 4c, containing 3547 atoms) and montmoril-

lonite substrate (20a 9 10b 9 2c, containing 18,994

atoms) were established, and their lattice parameters are

shown in Fig. 1a. The simulation box dimensions were

103.6 Å 9 89.8 Å 9 69.2 Å, including a vacuum of about

30 Å in the z-direction, to avert the interaction between the

neighboring upper and lower portions of montmorillonite
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due to the periodicity of the z-direction. The area of the

loading surface (equal to the shear surface) was the area of

the xy plane of the quartz slider.

The whole simulation model was divided into two por-

tions, the rigid portion (purple) and the thermal control

portion (pink), as shown in Fig. 1c. The down1 and up1

sheets were set as rigid bodies (purple), where the up1

sheet transferred the external normal loads on the clay-

quartz system without structural deformation, and the

down1 sheet was fixed in its position during the whole

simulation. All other portions except up1 and down1 were

set as temperature-controlled layers (pink) to keep the

system at a target temperature. Those layers are free to

move during the simulation process. Moreover, the same

normal load was applied on each atom of the up1 sheet

perpendicular to the clay mineral layers, and a virtual

spring was applied on the up1 sheet to provide a constant

sliding velocity along the y-direction ([010] crystal orien-

tation). At the same time, this virtual spring was used to

measure the friction load between the quartz slider and

montmorillonite substrate, where a stiffness coefficient of

100 N/m was employed to ensure reliability and save

computational costs [56].

2.2 Force field

All MD simulations were adopted using the Large-scale

Atomic/Molecular Massively Parallel Simulator

(LAMMPS) package [37]. CLAYFF [9] force field was

applied in whole models, which has been used for clay

minerals [7, 11, 30] and quartz-kaolinite systems [32, 55]

in MD simulations. The force field parameter of mont-

morillonite-quartz system was mainly derived from the

literature [9], where their Lennard–Jones parameters are

listed in Table 1. The force field parameters of interlayer

cations used in this work were all derived from previous

research and have been extensively validated. For example,

the structure and energetic parameters of cesium ion-water

clusters have been investigated using MD simulation and a

polarizable interaction model [43]. The total potential

energy was calculated by Eq. (1).

Periodic boundary conditions were used in all three

directions to simulate the behavior of macroscale systems.

A Lennard–Jones potential function with a cut-off radius of

10 Å and the velocity Verlet algorithm [12] was conducted

to solve the equations of motion. Long-range electrostatic

interactions were calculated using the Ewald method [10]

with a cut-off radius of 8.5 Å and an accuracy of

1.0e-6 kcal/mol. The steered molecular dynamics (SMD)

simulation method was initially performed in bio-molecule

simulations and has been utilized broadly to explore the

interface interactions at the atomic scale. So far, the SMD

simulation method has been gradually used to study the

nanoscale friction behavior of materials [54, 60], where a

moving spring force to a group of atoms can be applied.

The virtual spring can be controlled in either constant force

or velocity mode to induce transitions in the systems [36].

Fig. 1 a Ca-montmorillonite-quartz model used in this work, where quartz is set as slider and montmorillonite as substrate. b The whole system

is shown in three views: top, front, and perspective. c The setting way of the whole system in this work: purple portions (containing up1 and

down1) are rigid in all directions, where up1 could move along y-direction by a virtual spring and be applied by a normal load, pink portions are

set as thermostat to control the temperature of the whole system
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The snapshots of the model were obtained from OVITO

software [46].

Etotal ¼ Ebond stretch þ Eangle bend þ ECoulomb þ EVDW ð1Þ

where Ebond stretch, Eangle bend, ECoulomb, and EVDW are bond

stretch energy, angle bend energy, coulombic energy, and

van der Waals energy, respectively. Only the bond of

oxygen and hydrogen (in water or hydroxyl) was included

in the bond stretch energy.

Ebond stretch ¼ k1 rij � r0
� �2 ð2Þ

Eangle stretch ¼ k2 hijk � h0
� �2 ð3Þ

where k1 is force constant, r0 represents the equilibrium

bond length, both taken from the flexible version of the

SPC water model, and rij is the distance between atoms i

and j. Only the hydrogen–oxygen–hydrogen angle in the

water molecule was considered in the angle bend energy,

where k2 is force constant, hijk is the bond angle of

hydrogen–oxygen–hydrogen, and h0 represents the equi-

librium bond angle.

EVDW ¼ 4eij
rij
rij

� �12

� rij
rij

� �6
" #

ð4Þ

ECoulomb ¼
e2qiqj
4pe0rij

ð5Þ

where qi and qj are the charges of atoms i and j, respec-

tively, e0 is the dielectric constant. r and e are the size and
energy parameters, respectively. Moreover, rij and eij can
be obtained by Mixing Lorentz-Berthelot law [40], as

shown in Eqs. (6) and (7).

rij ¼
ri þ rj

2
ð6Þ

eij ¼
ffiffiffiffiffiffiffi
eiej

p ð7Þ

2.3 Relaxation and SMD friction process

To obtain a fully balanced configuration of the montmo-

rillonite-quartz system, the simulation scheme is carried

out as follows, shown in Table 2. (1) Firstly, the geometry

optimization of the entire system was performed using

energy minimization with the conjugate gradient (CG)

methods. Convergence criteria were determined with

an energy tolerance of 1.0e-12, a force tolerance to

1.0e-14 kcal (mol Å)-1, and a maximum number of iter-

ations to 1000. (2) First relaxation: the whole system

equilibrated in canonical (NVT) ensemble at 300 K for

1000 ps, where the Langevin algorithm with a damping

parameter of 100 was utilized to maintain the system’s

Table 1 Lennard–Jones parameters of montmorillonite-quartz system applied in this work

Species Symbol Charge eðkcal=molÞ rðÅÞ References

Hydroxyl hydrogen Ho 0.425 0 0 Cygan et al. [9]

Hydroxyl oxygen Oh - 0.95 0.1554 3.1655

Bridging oxygen Ob - 1.05 0.1554 3.1655

Bridging oxygen with octahedral substitution Obos - 1.1808 0.1554 3.1655

Bridging oxygen with tetrahedral substitution Obts - 1.1688 0.1554 3.1655

Hydroxyl oxygen with substitution Ohs - 1.0808 0.1554 3.1655

Tetrahedral silicon Si 2.1 1.8405 9 10–6 3.3020

Octahedral aluminum Al (ao) 1.575 1.3298 9 10–6 4.2713

Tetrahedral aluminum Al (at) 1.575 1.8405 9 10–6 3.3020

Octahedral magnesium Mg 1.36 9.0298 9 10–7 5.2643

Aqueous sodium ion Na? 1 0.1301 2.35 Smith and Dang [43]

Aqueous potassium ion K? 1 0.1000 3.7423 Koneshan et al. [24]

Aqueous cesium ion Cs? 1 0.1000 4.3002 Smith and Dang [43]

Aqueous lithium ion Li? 1 0.164 1.505 Smith and Dang [44]

Aqueous rubidium ion Rb? 1 0.04 4.114 Rappe et al.[39]

Aqueous calcium ion Ca2? 2 0.1000 2.869 O.Steinhauser [45]

Aqueous nickel ion Ni2? 2 0.015 2.834 Prasanth et al. [38]

Aqueous zinc ion Zn2? 2 0.124 2.763 Rappe et al. [39]

Aqueous lead ion Pb2? 2 0.663 4.297 Rappe et al. [39]
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temperature. (3) Second relaxation: the temperature of the

thermal control sheet (pink) was controlled at 300 K using

the Langevin algorithm. Simultaneously, different normal

loads (1–8 GPa) were applied to the atoms of up1 sheet

(purple) in the NVT ensemble for 400 ps. (4) Thereafter,

SMD friction simulations were conducted along the y-di-

rection for all montmorillonite-quartz systems under vari-

ous constant sliding velocities and normal loads of 1–8

GPa. A virtual spring with a stiffness coefficient of 100

N/m was employed. Moreover, the run time for the SMD

friction simulation varied with sliding velocity, covering a

consistent sliding distance of approximately 100 Å. For

example, the run time was 200 ps at a sliding velocity of

50 m/s.

3 Results and discussion

The friction behavior of soil or rock in the nanoscale is

affected by factors such as normal load, sliding velocity,

interlayer cations, hydration, temperature. In this work,

Sect. 3.1 discusses the influence of normal loads of 1–8

GPa on the friction behavior of the Ca-montmorillonite-

quartz interface at a sliding velocity of 50 m/s. Section 3.2

shows the effect of different interlayer cations, including

monovalent and divalent cations, such as Ca2?, Zn2?,

Ni2?, Pb2?, Li?, Rb?, Cs?, and K?, on the friction

behavior of montmorillonite-quartz under a normal load of

1-8 GPa and a sliding velocity of 50 m/s. Section 3.3

explore the impact of various sliding velocities (1–1000 m/

s) on friction properties of Ca-montmorillonite-quartz in-

terface, focusing on velocity-dependent sliding in

nanoscale tribology. Finally, Sect. 3.4 summarizes the

connection between macroscale and nanoscale friction,

highlighting the underlying mechanisms.

3.1 Influence of normal load

3.1.1 Structural evolution

To investigate the structural wearing situation during fric-

tion process, the trajectory diagrams of the Ca-montmo-

rillonite-quartz system at normal loads of 1, 5, and 8 GPa in

periodic and non-periodic conditions are displayed in

Fig. 2. At a normal load of 1–5 GPa, the molecular mor-

phology of the contact surface exhibited inapparent chan-

ges when the quartz slider slid on montmorillonite

substrate (Fig. 2a–d). However, at a normal load of 8 GPa,

only a tiny part of the quartz slider remains intact (Fig. 2e

and f), whereas a large majority of molecules in the quartz

slider have collapsed during the period. These atoms wear

under high normal loads during the friction process, leav-

ing on the montmorillonite surface.

Moreover, Fig. 3a displays the structure diagrammatic

sketch of the quartz slider under the normal load from 1 to

8 GPa both from the side and top views, where the quartz

slider is destroyed and some collapsing molecules widely

distributed on the montmorillonite surface under normal

load of 7 and 8 GPa. The remaining height of the quartz

slider under different normal loads is shown in Fig. 3b,

where the remaining height of the quartz slider reduces

with rising normal loads. Therefore, we only consider the

normal load of less than 6 GPa in this work.

3.1.2 Friction load evolution and stick–slip effect

The evolution of friction load with sliding distance in Ca-

montmorillonite-quartz at different normal loads is shown

in Fig. 4a. During the sliding process, the friction load

presented a periodic crenelated wave phenomenon at dif-

ferent normal loads, indicating that the stick–slip effect

[33] also existed in nanoscale friction between montmo-

rillonite and quartz. The fluctuation amplitude of the fric-

tion load increased with increasing normal load, showing a

more significant stick–slip effect, as shown in Fig. 4a. As

the quartz portion slides, the distance between the adjacent

surface atoms changed, resulting in changes in the inter-

action between these atoms. The higher the normal load,

the higher the friction load because more energy was

required to overcome the interaction between montmoril-

lonite and quartz.

As shown in Fig. 4b, the average shear stress [56]

increases with the rising normal load, where their rela-

tionship is approximately linear. Wei et al. [55] also

reported that the relationship between normal load and

Table 2 SMD simulation schemes for montmorillonite-quartz system

in this work

Steps Relaxation and Steered molecular dynamics (SMD)

simulation process

1 Energy

minimization

Conjugate Gradient (CG.) Algorithm

2 First relaxation NVT ensemble relaxation for 1000 ps

3 Second

relaxation

NVT ensemble, Langevin temperature

control (300 K), different normal loads:

1–8 GPa, relaxation for 400 ps

4 SMD friction

simulation

NVT ensemble, Langevin temperature

control (300 K), conducting SMD friction

simulation along the y-direction under

various constant sliding velocities and

normal loads of 1–8 GPa, then obtaining a

sliding distance of approximately 100 Å

The run time is calculated based on the total

sliding distance and the set sliding

velocity
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friction load (shear stress) of soil or rock at the nanoscale

was approximately linear.

The friction coefficient (l) can be obtained via Eq. (8),

f ¼ lFn þ F0

s ¼ lrn þ c
ð8Þ

where f is the friction load, l the friction coefficient, Fn is

the applied normal load, and the cohesion F0 is the vertical

intercept when Fn = 0. The shear stress s and normal load

rn are obtained from the average friction load and normal

load divided by the shear area of the sliding block, and c is

the cohesion.

On the other hand, the key factors leading to the stick–

slip effect in the nanoscale can be summarized as surface

roughness and topography, temperature, material properties

like elasticity and plasticity, load and pressure, sliding

Fig. 2 Trajectory diagram of Ca-montmorillonite-quartz under different normal loads of a, b 1 GPa; c, d 5 GPa; e, f 8 GPa during the whole

simulation, with the interval of the output images is 40 ps. The sliding velocity is 50 m/s, and the temperature is 300 K

Fig. 3 a The structure diagrammatic sketch of quartz slider under different normal loads from side and top view after friction. b The evolution of

the remaining height of quartz with normal load. Moreover, the initial height along z-direction of quartz slider without normal load was 21.6216

Å
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velocity, intermolecular interactions, etc. [2, 6, 50, 61] The

interfacial interaction between montmorillonite and quartz

in MD simulation was mainly non-bonded interaction (i.e.,

intermolecular interaction), including coulombic interac-

tion and van der Waals interaction, which was crucial for

the stick–slip effect.

The nanoscale mechanism in the stick–slip effect can be

attributed to the adsorption and desorption processes

between surface atoms. When two solid surfaces come into

contact, adhesion forces dominate, causing the surfaces to

stick together. Subsequently, as an external force is

applied, the surfaces begin to slide while this adhesive

force is still acting until it reaches a critical threshold. Once

this threshold is overcome, surface atoms rapidly desorb,

leading to the momentary interruption of sliding, which is

the characteristic feature of the stick–slip phenomenon

[25]. Based on the previous work [42, 58], the potential

energy surface (PES) of materials, as a reflection of

intermolecular interaction and crystal structure, plays an

essential role in the stick–slip effect.

To explore the correlation between PES and the stick–

slip effect, one interlayer cation as a probe atom, positioned

2 Å above the interlayer cations, was employed to scan a

particular line of montmorillonite surface, with the scan-

ning path illustrated in Fig. 5a, d. Figure 5b, e showed the

variation of friction load with sliding distance for both

monovalent (M?) and divalent (D2?) interlayer cations

systems, with the period of stick–slip effect 8.1 Å and

16.9 Å for M?-mmt-quartz and D2?-mmt-quartz systems,

respectively. The arrangement period of potential energy

value in the shear direction (y-direction) was 8.1 Å and

16.9 Å for M?-mmt and D2?-mmt, align with the period of

stick–slip motion, as shown in Fig. 5c and f. Therefore, it

could be determined that the stick–slip effect is tightly

linked to the potential energy of interlayer cations and

montmorillonite surface.

3.1.3 Potential of mean force and energy evolution

The potential of mean force (PMF) describes the average

distribution of the potential energy of intermolecular

interactions on a multidimensional free energy surface.

PMF is the criterion of the spontaneous process, which

could be obtained from the thermodynamic integration of

the system based on Jarzynski’s equation as follows:

PMF ¼ � 1

kBT
log e

� W
kBT

� �
ð9Þ

where W, kB, and T are the work of spring, Boltzmann

constant, and system temperature, respectively.

As shown in Fig. 6, the PMF increases linearly with the

increase in sliding distance, and the slope of the PMF-

sliding distance curve increases with rising normal load,

indicating further that more energy is required at higher

normal loads during the sliding process. Besides, as shown

in Fig. 7, the total energy of the whole system exponen-

tially increases with the rising normal load during the

second relaxation process and SMD friction process, where

total energy in the SMD friction simulation process rises

more rapidly than that in the second relaxation process.

The evolution of the total energy increment with time

under different normal loads for the Ca-montmorillonite-

quartz system is investigated at a sliding velocity of 50 m/

s, as shown in Fig. 8. In the second relaxation process, total

Fig. 4 The friction behavior for Ca-montmorillonite-quartz model: a evolution of the friction load with sliding distance at different normal loads

and a constant sliding velocity of 50 m/s. Moreover, b evolution of average shear stress with different normal loads of Ca-montmorillonite-

quartz, where the average shear stress (i.e., average friction load divided by shear surface area) was averaged based on the data during sliding

distance range of 50–100 Å
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energy fluctuates around a value throughout the period

where the energy of whole system is relatively stable, as

shown in Fig. 8a. Meanwhile, it could be easily figured out

that the bigger the normal load, the higher the total energy

is in the system. On the other hand, Fig. 8b displays the

evolution of the total energy increment with time during

SMD friction simulation process. At the normal load

superior or equal to 4 GPa, the total energy rose gradually

with time, indicating that more continuous energy was

required for the whole system during friction.

Pairwise interaction energy was calculated to analyze

the interaction of two atom groups. The higher the absolute

value of pairwise interaction energy, the more significant

the interaction between these two groups. Figure 9 and

Table 3 show the evolution of pairwise interaction energy

between the montmorillonite and quartz group and their

pairwise interaction force, respectively. As shown in Fig. 9

and Table 3, the higher the normal load, the higher the

absolute value of pairwise interaction energy and force,

illustrating that the interaction between montmorillonite

Fig. 5 Investigation for the relationship between stick–slip phenomenon and potential energy in terms of different interlayer cations of

montmorillonite: Initial structure of a M?(Monovalent)-mmt and d D2?(Divalent)-mmt when calculating the potential energy, with a probe ion

in the upper left corner; evolution of friction load and sliding distance of b M?-mmt-quartz and e D2?-mmt-quartz systems at 3 GPa; potential

energy varies for c M?-mmt and f D2?-mmt
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and quartz increases with rising normal load. The incre-

ment of normal load could affect the interaction between

the sliding block and substrate, which originated from

intermolecular forces and the normal load applied on the

quartz slider.

3.2 Influence of interlayer cations

3.2.1 Effect of cation valence and radius

To investigate the influence of interlayer cations on the

friction properties of montmorillonite-quartz system, eight

different cations were considered in this work. The evo-

lution of the shear stress with normal loads for montmo-

rillonite-quartz systems with different interlayer cations is

shown in Fig. 10, where their relationship is approximately

linear, agreed well with previous studies [55, 56, 59, 60].

Based on Eq. (8), the friction coefficient and cohesion of

montmorillonite-quartz system with different interlayer

cations are obtained in Fig. 11. As shown in Fig. 11, the

order of friction coefficients for montmorillonite-quartz

systems with different interlayer cations is Ca2?[Zn2?-

[Ni2?[ Pb2?[Li?[Rb?[Cs?[K?, illustrating

that the friction coefficients of divalent cations system are

greater than that of monovalent cations system. The higher

friction strength observed in this work containing divalent

cations was primarily due to stronger electrostatic attrac-

tions, reduced interlayer spacing, increased structural

rigidity, smaller ionic radius, higher polarizability, and

stronger interfacial interactions with quartz, which collec-

tively contribute to the increased resistance to shear

strength systems with divalent cations [20, 47].

Table 4 shows the relationship between the interlayer

cation radius and friction coefficient of this work and

comparison with previous studies, where their relationship

and fundamental mechanism are very complex and con-

troversial according to previous works. Sakuma et al. [42]

reported that the shear strength increased with the ionic

radius of interlayer cations through DFT and shear exper-

iments for dehydrated montmorillonite. However, Ying

et al. [61] found the opposite trend for a hydration case

using MD simulation. Theoretically, the larger ions did not

fit in the ditrigonal cavities, resulting in the greater sliding

resistance due to the electrostatic repulsion between

interlayer ions and clay surface. Moreover, Ying et al. [61]

observed that the hydrated cation sizes order (K?\Na?-

\Ca2?\Mg2?) is the reverse of the effective ionic

radius order [31], indicating that montmorillonite with

different interlayer cations had varying water absorption

and swelling behavior in a hydration state. The friction

coefficient of materials was jointly regulated by surface

adhesion and hydration of cations [5].

To sum up, this study focused on the interfacial friction

of dry montmorillonite substrate and quartz slider, but there

were inevitable differences between different substrates

and slider materials. Although the correlation between

cation radius/hydration and friction coefficient of soil has

been studied, they were still controversial and needed to be

investigated in future.

Table 5 displays the friction coefficient, cohesion, and

friction angle of various quartz-montmorillonite (Mt)

interfaces in this work and previous studies. The friction

angle and friction coefficient of montmorillonite-quartz

with monovalent cations were smaller than that with

divalent cations, while the cohesion showed the opposite

trend. Moreover, the friction coefficient decreases with the

increasing sliding velocities. As shown in Table 5, at

300 K and sliding velocity of 100 m/s, the order of fiction

Fig. 6 Evolution of correspondence of mean force (PMF) potential

with sliding distance under different normal loads

Fig. 7 The effect of normal load on the total energy of the whole

system during the second relaxation process (red line) and SMD

friction process (blue line). The total energy is taken from the average

of the second half of the simulation

Acta Geotechnica (2025) 20:2761–2778 2769

123



coefficient of various quartz-clay systems in MD simula-

tion is quartz-quartz (0.270)[Ca-montmorillonite-quartz

(0.176)[ quartz-kaolinite (0.044). Meanwhile, Tembe

et al. [48] and Saffer et al. [40] also found that the presence

of clay weakens the frictional strength of quartz through

conventional triaxial tests.

3.2.2 Energy evolution

The evolution of total energy with normal loads in different

quartz-montmorillonite systems with various interlayer

cations is shown in Fig. 12, where the Rb2? curve is the

highest, but Ni2? occupies the lowest position. The total

energy grew as the normal load increased for eight cation

groups. Except for the Pb-montmorillonite-quartz, Fig. 12

indicates that the total energy of the whole system with

divalent cations like Ca2?, Zn2?, and Ni2? are less than

that with monovalent cations.

To understand the interaction between quartz slider and

montmorillonite substrate with various interlayer cations,

the pairwise interaction energy was calculated to under-

stand the stability of the system and the interaction between

each other. Figure 13 shows that all pairwise interaction

energy gradually declines with rising normal loads, espe-

cially at normal loads of 6–8 GPa.

Fig. 8 The evolution of total energy increment of Ca-montmorillonite-quartz system with time under different normal loads: a during the second

relaxation process; b during the SMD friction process. The total energy increment is the difference between the total energy during the sliding

process and the initial total energy in the beginning of the sliding process (t = 0 ps)

Fig. 9 The evolution of pairwise interaction energy between Ca-montmorillonite and quartz group under different normal loads. The right

figure magnifies the 1–3 GPa curve in the left figure, and straight lines were fitted from the data which was averaged at intervals of 25 Å
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3.3 Influence of sliding velocity

According to the Coulomb law at the macroscale, the

sliding velocity was independent of the friction load of

materials. However, in the microscale, the sliding velocity

played an essential role in the friction behavior of materials

[29, 60, 62], and their relationship was very different and

complex under certain conditions for various materials. In

this work, several different velocities were considered in

the interfacial friction of Ca-montmorillonite-quartz.

Figure 14 shows the relationship between friction load

and sliding velocity under 1–200 m/s and 60–80 Å. At the

sliding velocity of less than 200 m/s, the friction load keeps

fluctuating. Still, it is relatively stable over the period,

agreeing with the stick–slip and adhesion phenomenon in

nanoscale tribology [2, 8, 50], as shown in Fig. 14b.

However, Fig. 14a exhibits that the friction load increases

during the simulation process when the sliding velocity is

over 200 m/s, which may be attributed to the continuous

changes in the formation of atomic-scale junctions, the

rearrangement of atoms and molecules under thermal

activation or more different asperities on opposing surfaces

[1, 2]. Moreover, kinds of surface chemistry and material

properties could also increase friction load in various

trends. Although the relationship between friction load and

normal load is rather complex, further study will be con-

ducted on the influencing mechanism of velocity in the

friction surface.

The higher the sliding velocity, the higher the friction

load, and the smaller the fluctuation amplitude of the

friction load, illustrating the weaker the stick–slip effect,

which agrees with previous studies about the stick–slip

effect [50, 55].

Figure 15 displays the evolution of average friction load

with sliding velocity at various sliding velocities, and their

relationship is linear, which is in agreement with the result

in the previous study [23], as shown in Eq. (10). Kheiri

et al. [23] also found that the friction load linearly depends

on the sliding velocity for aluminum spherical particle and

graphene interface using MD simulation. The observed

dependence starkly contrasts the macroscopic Amontons–

Table 3 Pairwise interaction energy and its force between Ca-montmorillonite and quartz group at the end of the sliding process (t = 200 ps)

Normal load (GPa) Pairwise interaction energy (kcal/mol) Pairwise interaction force (nN)

x-direction y-direction z-direction total

1 - 1058.4 - 3.8644 6.5493 - 21.2904 7.5359

2 - 1111.11 - 1.980 5.4763 - 36.0954 12.1874

3 - 1181.02 7.4872 12.5933 - 49.0597 17.0669

4 - 2041.46 5.2641 15.3418 - 63.0951 21.7155

5 - 5360.68 3.9770 20.4698 - 77.3355 26.6992

6 - 10,284.8 1.2239 22.7810 - 89.6529 30.8367

Fig. 10 Evolution of shear stress with normal load for montmoril-

lonite-quartz interface with different interlayer cations under different

normal loads

Fig. 11 The relationship of ionic radius, cohesion, friction coefficient

(l), and the circle size represents the radius size of the corresponding

cations
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Table 4 The correlation of cation radius of interlayer cation in montmorillonite and friction coefficient/strength in this work and comparison

with some previous studies

System and methods Friction coefficient/strength References

Hydrated montmorillonite using MD K? (0.133 nm)\Na? (0.095 nm)\Ca2? (0.099 nm)\Mg2? (0.065 nm) Ying et al. [61]

Partial dehydration montmorillonite

using DFT and experiment

Li? (0.06 nm)\Na? (0.095 nm)\K? (0.133 nm)\Cs? (0.169 nm)\Rb?

(0.148 nm)

Sakuma et al.

[42]

Friction experiment of

montmorillonite in a given humidity

Ca2? (0.099 nm)\Na? (0.0095 nm) Tetsuka et al.

[49]

Hydrate montmorillonite under

triaxial shear test

Ca2? (0.099 nm) = Mg2? (0.065 nm)\Na? (0.095 nm)\K? (0.133 nm) Behnsen and

Faulkner [3]

Dry montmorillonite-quartz using MD K? (0.133 nm)\Cs? (0.169 nm)\Rb? (0.148 nm)\Li? (0.06 nm)\Pb2?

(0.120 nm)\Ni2? (0.072 nm)\Zn2? (0.074 nm)\Ca2? (0.099 nm)

This work

Table 5 The friction coefficient, cohesion, and friction angle of various quartz-montmorillonite (Mt) interfaces in this work and previous studies

Interface of soil particles or

mixtures of clay-quartz

Method Friction

angle (�)
Friction

coefficient

Cohesion

(GPa)

Notes

Li-Mt-quartz MD simulation in

this work

10.31 0.182 2.271 300 K, 50 m/s

K-Mt-quartz 4.24 0.0741 2.242

Rb-Mt-quartz 5.53 0.0968 2.463

Cs-Mt-quartz 4.35 0.0761 2.5547

Ca-Mt-quartz 13.41 0.2384 1.8657

Ni-Mt-quartz 15.1 0.269 2.122

Zn-Mt-quartz 11.42 0.202 2.042

Pb-Mt-quartz 11.81 0.209 2.321

Ca-Mt-quartz 18.16 0.328 - 0.239 300 K, 1 m/s

13.44 0.239 0.277 300 K, 10 m/s

10.09 0.178 2.994 300 K, 80 m/s

9.98 0.176 3.679 300 K, 100 m/s

8.47 0.149 4.408 300 K, 120 m/s

7.35 0.129 5.364 300 K, 150 m/s

7.41 0.130 6.289 300 K, 180 m/s

6.22 0.109 6.893 300 K, 200 m/s

Quartz-quartz [55] MD simulation 15.96 0.286 0.255 200 K, 100 m/s

15.11 0.270 0.233 300 K, 100 m/s

14.90 0.266 0.184 400 K, 100 m/s

Quartz grains [22] Experiment test 11.86 0.21 – 300 K

Quartz sand [7] Shear stress 5.31–13.01 0.093–0.231 – 300 K

Quartz-water-quartz [55] MD simulation 5.37 0.094 0.215 300 K, 100 m/s

Quartz-kaolinite [55] 2.52 0.044 0.402 300 K, 100 m/s

Quartz-water-kaolinite [55] 4.80 0.084 0.263 300 K, 100 m/s

Smectite [40] Laboratory

experiment

4.00–16.70 0.07–0.30 – 300 K, 150 lm/s

Smectite-quartz mixtures [40] 11.31–27.92 0.2–0.53 – 300 K, 150 lm/s

Smectite-quartz mixtures ranging from

10 to 90% quartz

Illite shale [40] 22.29–32.21 0.41–0.63 – 300 K, 150 lm/s

Quartz (95%)-Mt (5%) mixtures

[48]

The conventional

triaxial tests

33.06 0.651 – Room temperature, effective normal

stress of 40 MPa

Quartz (85%)-Mt (15%) mixtures

[48]

32.09 0.627 –

Quartz (75%)-Mt (25%) mixtures

[48]

24.47 0.455 –
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Coulomb laws, which anticipate the velocity independence

of sliding friction [23].

Moreover, the simulation result in this work differed

from the non-linear dependence of sliding velocity and

friction load from the PT model. Although the similarity of

our simulation data with the predictions of the PT model

was not expected, the primary reason for the difference

may be the relatively large sliding velocities used in our

study [23].

Ffr ¼ cv ð10Þ

where c is the friction coefficient, v is the sliding velocity,

and Ffr is the friction load. This is a non-dimensional

equation.

The Prandtl–Tomlinson (PT) model reported less time

for the tip to hop out from the barrier due to thermal

activation under a higher velocity, resulting in higher

friction. The relationship between average friction and

sliding velocity based on the PT model is shown in

Eq. (11) [15].

Fk ¼ F�
L þ

kBT

k
ln

v

v1
ð11Þ

where Fk is the average Friction, FL
* is the reference force

needed to make the energy barrier vanish at zero temper-

ature, kB is the Boltzmann constant, T is the temperature, k
is a parameter for describing the speed the energy barrier to

the next slip event vanishes with increasing lateral force, v1
is the reference velocity, existing because of the uniformity

of the scale and can usually be taken directly as 1 for

simplicity, in the same units as v.

To explore the effect of sliding velocity on the frictional

behavior of Ca-montmorillonite-quartz interface, the rela-

tionship of shear stress and normal load at 1–200 m/s is

shown in Fig. 16. The friction coefficient and cohesion

declined with increasing sliding velocities, which agreed

well with the work of Logan and Rauenzahn [31], who also

reported negative velocity dependency in pure quartz and a

slight positive velocity dependency of other gauges

through experiment.

Figure 17 displays a perspective on the changing value

of potential energy and kinetic energy increment, with their

sum representing the total energy increment of the system.

The higher the sliding velocity, the higher the thermal

motion of the molecules and the more changes in their

relative positions, reflecting higher potential and kinetic

energy. Figure 18 displays the structure diagrammatic of

the Ca-montmorillonite-quartz system in different veloci-

ties under the normal load of 3 GPa. When the sliding

velocities were less than 200 m/s, the structure of the

whole system remained unchanged. However, when the

sliding velocities were over 200 m/s, the connection bond

of the upper part of the quartz was broken, leading to

damage to the structure. It indicated that the crystal

structure of the slider could easily undergo wear and

damage at higher sliding velocities. Thus, in SMD friction

simulation, the sliding velocity was suggested to be less

than 200 m/s to avoid the whole system deformation.

3.4 Discussion on nanoscale and macroscale
friction mechanism

The macroscale friction behavior of materials usually fol-

lows the classical friction theory, which states that the

friction force is independent of the sliding velocity and is

proportional to the normal load. Moreover, the macroscale

friction properties of geo-materials are primarily influenced

by several factors, including surface roughness, contact

area, and the presence of water or other fluids. For instance,

Fig. 12 Evolution of total energy with normal load for montmoril-

lonite-quartz with different cations

Fig. 13 Evolution of Pairwise interaction energy of montmorillonite-

quartz with different cations with normal load
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water molecules can form a lubricating layer between

quartz and montmorillonite, significantly reducing the

friction coefficient.

In this work, for the nanoscale friction of quartz-mont-

morillonite system, the linear relationship between friction

load and normal load, the complex correlation between

cations and friction properties, and velocity-dependent in

nanoscale friction were found. Nanoscale tribology of geo-

materials was also related to water content, temperature,

materials surface, ion concentration, etc. [18, 34, 55, 58].

Moreover, the stick–slip effect observed in this MD sim-

ulation and previous FFM experiments [33] at the micro-

scale was closely associated with the potential energy

surface of the materials and other influencing factors (e.g.,

normal load, sliding velocity, hydration, temperature, etc.

[42, 55, 58]). However, the stick–slip effect was not

exhibited on the macroscale.

To sum up, the nanoscale and macroscale friction have

similarities and differences, where the similarities included

the normal load effect, and the differences contained the

sliding velocity effect, the stick–slip effect, etc. Further-

more, the nanoscale friction could provide an atomistic

insight into the friction mechanism of materials, consid-

ering various environmental factors.

The connection between macroscopic and microscopic

friction was crucial and discussed as follows: (1) The

macroscopic friction behavior of a material is the inte-

grated result of countless microscopic frictions.

Fig. 14 The friction load as a function of sliding distance at various velocities under normal load of 3 GPa in Ca-montmorillonite-quartz system

Fig. 15 Friction load versus sliding velocity under normal load of 1, 3

and 5 GPa in Ca-montmorillonite-quartz system
Fig. 16 Evolution of shear stress with normal load for Ca-montmo-

rillonite-quartz interface under different sliding velocities of

1–200 m/s
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Fundamentally, the frictional force at the macroscale was

the sum of many tiny forces acting at the atomic and

molecular scale. The intermolecular interactions (including

Van der Waals interaction, electrostatic interaction, etc.) of

materials were significant at the nanoscale, collectively

affecting the macroscopic frictional force. (2) The apparent

contact area was important in the macroscale, but the true

contact area at the microscale (i.e., the sum of the contact

areas of all asperities) was what contributed to microscale

friction [42, 57]. Therefore, as the asperities surface

deformed at the microscopic scale, more contact points

were created, which increased the actual contact area and

ultimately affected the macroscopic friction. (3) The stick–

slip effect was caused by the adhesion and sliding pro-

cesses between atoms, which manifest macroscopically as

friction force fluctuations and friction coefficient varia-

tions. (4) Although the nanoscale friction behavior of geo-

materials has been gradually investigated, the nanoscale

friction cannot simply scale up to macroscale friction, and

the friction coefficient in the microscale could not be

directly compared to that in the macroscale [56]. Thus,

most studies for the connection between microscale and

macroscale friction will be worth investigating in future.

4 Conclusion

The molecular dynamics simulation method was employed

to investigate the nanoscale interfacial friction behavior

between montmorillonite and quartz, considering the effect

of normal loads, interlayer cation genres, and sliding

velocities. This study provides novel insights into the

interfacial friction of the montmorillonite-quartz system

and explores the friction mechanisms of clay-sand inter-

actions under various influencing factors, bridging the gap

between macroscopic and micro/nanscale perspectives.

The key conclusions are summarized as follows:

Fig. 17 The average potential and kinetic energy increment at various

sliding velocities under 3 GPa normal load, with their sum value

representing the total energy depicted on the vertical axis. The energy

increment is the difference between the average value of the whole

simulation and the initial value when the timestep is 0 ps

Fig. 18 The structure diagrammatic sketch of the quartz slider in different sliding velocities under the normal load of 3 GPa from the side and top

view. When the sliding velocity is 1–200 m/s, the wearing condition of the structure is inapparent, while the upper part of the quartz slider is

destroyed under higher sliding velocities (500 m/s and 1000 m/s). The trajectory diagrams are given for the 500 m/s and 1000 m/s plots
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1. The order of friction coefficients of montmorillonite-

quartz with different interlayer cations was Ca2?-

[Zn2?[Ni2?[ Pb2?[Li?[Rb?[Cs?[K?,

illustrating that the friction strength of montmoril-

lonite-quartz system with divalent cations was greater

than that of monovalent cations.

2. The friction load fluctuated with rising sliding distance

during the whole sliding process, and the fluctuation

amplitude increased with the upswing normal load,

reflecting the stick–slip effect. The higher the sliding

velocity or the lower the normal load, the weaker the

stick–slip effect. The stick–slip phenomenon was

highly related to the potential energy surface of

materials.

3. The nanoscale friction at the montmorillonite-quartz

interface was velocity-dependent, which was different

from the macroscopic Amontons–Coulomb laws.

Moreover, the friction coefficient of Ca-montmoril-

lonite-quartz decreased with the rising sliding veloci-

ties. The average shear stress and normal load followed

a roughly linear relationship.

4. The friction angle and friction coefficient of montmo-

rillonite-quartz with different interlayer cations sys-

tems were 4.24�–15.1� and 0.0741–0.269, respectively.

The fundamental mechanisms by which the interlayer

cations influence friction behavior of soil, as well as the

impact of hydration state on friction, remain controversial

and warrant further investigation in the future. Moreover,

the force field played an essential role in MD simulation

results, where the other force fields used for quartz will be

worth employed to study its mechanical properties, such as

CVFF, INTERFACE, and Tersoff force field. Most studies

on the connection between microscale and macroscale

friction will be worth investigating.
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