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Abstract 

Expansive soil mainly comprises detrital minerals (e.g., quartz) and clay minerals (such as 

montmorillonite, kaolinite, etc.). Due to the existence of the hydrophilic mineral 

montmorillonite, the expansive soil has the deformation characteristics of water absorption 

expansion and water loss shrinkage, which could seriously affect the stability of engineering 

structures. For expansive soil in permafrost regions, the mechanical properties of the frozen soil 

could change due to the phase transformation between unfrozen water and ice caused by 

temperature changes, which could easily cause engineering problems such as frost heave or 

thaw settlement deformation. At present, lots of researchers have focused more on the interface 

friction of expansive soil minerals, their interaction with ice water multi-media, and the 

mechanical properties of ice in macroscale. However, there is relatively little exploration in 

microscale. Especially, the study on the interfacial friction behavior of minerals in microscale 

(nano-tribology) is a new field that needs to be developed urgently. Moreover, the research on 

the ice-water phase transformation process on clay mineral interface is rarely reported. 

In this PhD dissertation, molecular dynamics (MD) simulation method is employed to 

investigate the interfacial and frictional properties of expansive soil minerals. The hydrated 

montmorillonite, quartz-quartz/kaolinite-(water) interface model, montmorillonite-water-ice, 

and bulk ice models were established, to reveal the interface friction mechanism of expansive 

soil minerals at microscale, clarify the process of ice water phase transformation on clay 

interface, and explore the deformation and failure mechanism and phase transformation process 

of bulk ice system. The main conclusions obtained are as follows: 

(1) Effect of water on the frictional and mechanical behavior of montmorillonite: a MD 

study 

The hydrated montmorillonite models with different water contents for friction tests were 

established, revealing the friction mechanism of montmorillonite in nanoscale. The simulation 

results found that the low friction coefficient of 0 ~ 30% hydrated montmorillonite was 0.058 

~ 0.17, where the friction coefficient of 5% hydrated montmorillonite is the highest. The 

distribution of interlayer water could further change when normal load changed. The interlayer 
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water could greatly reduce the attraction force between clay layers. 

(2) Nanoscale Friction at the Quartz-Quartz and Quartz-Clay Interface 

The five quartz-quartz/clay-(water) interface model (including quartz-quartz, quartz-water-

quartz, quartz-kaolinite, quartz-water-kaolinite, and quartz-montmorillonite) for friction test 

were established, and then revealing their friction mechanism considering the normal load, 

sliding velocity, temperature, and hydration. The simulation results showed that the stick-slip 

effect was found in the quartz-quartz/clay-(water) interface during the friction process. The 

presence of clay could weaken the frictional strength of quartz. The friction coefficient and 

cohesion of quartz rose with the rising sliding velocity or decreasing temperature. The 

relationship between shear stress and normal load was linear in nanoscale friction. 

(3) Phase Transformation of Ice-Unfrozen Water on Montmorillonite Surface: a 

Molecular Dynamics Study 

Based on the results of nuclear magnetic resonance and molecular simulation, the 

microscopic mechanism of the ice-water phase transformation process on montmorillonite 

interface was revealed. The main reason for unfrozen water in frozen soil was the surface effect 

of clay, where coulomb electrostatic interaction dominated. The microstructure of unfrozen 

water and ice on clay particles could be divided into “montmorillonite-bound water-cubic ice-

hexagonal ice-cubic ice-‘quasi-liquid’ water-air”. 

(4) Phase Transformation Evolution and Mechanical Properties of Bulk Ice under 

Tension at Nanoscale 

The mechanical behavior of ice-Ih with the effect of temperature and confining pressure and 

ice-water phase transformation in bulk ice system were studied. The simulation results indicated 

that solid-solid phase transformation was found at 73 ~ 140 K, and solid-liquid at 150 ~ 270 K. 

Phase transformation significantly affected total potential energy and structural failure. Tensile 

strength decreased linearly with increasing temperature at a low strain rate. Ice-Ih was earlier 

and more likely to be melted at higher confining pressure. 

Keywords: Clay minerals; Quartz; Molecular dynamics; Interfacial friction; ice-water phase 

transformation. 
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Résumé 

Les sols expansés sont principalement composés de minéraux détritiques tels que le quartz 

et de minéraux argileux tels que la Montmorillonite, la Kaolinite, etc. en raison de la présence 

de Montmorillonite minérale hydrophile, les sols expansés ont des caractéristiques de 

déformation qui absorbent l'expansion de l'eau et la contraction de la perte d'eau, ce qui affecte 

gravement La stabilité de la structure d'ingénierie. Pour les sols expansés dans les zones de 

pergélisol, les propriétés mécaniques du sol gelé peuvent varier en raison de la transition de 

phase entre l'eau non gelée et la glace causée par les changements de température, ce qui peut 

causer des problèmes d'ingénierie tels que le gonflement par le gel ou la déformation par 

sédimentation. À l'heure actuelle, de nombreux chercheurs se concentrent davantage sur le 

frottement Interfacial des minéraux des sols en expansion, leur interaction avec les multimilieux 

eau - glace et les propriétés macromécaniques de la glace. Cependant, il y a relativement peu 

d'exploration à l'échelle microscopique. L'étude du comportement de frottement Interfacial des 

minéraux (nanotribologie) en particulier à l'échelle microscopique est un nouveau domaine à 

développer d'urgence. De plus, peu d'études ont été menées sur les processus de changement de 

phase eau - glace à l'interface argile - minéral. 

Cet article examine les propriétés interfaciales et de frottement des minéraux des terres 

expansées à l'aide d'une méthode de simulation de dynamique moléculaire (MD). La 

Montmorillonite hydratée, le modèle d'interface quartz - quartz / Kaolinite - (eau), la 

Montmorillonite - glace d'eau, le modèle de glace de bloc ont été établis, révélant le mécanisme 

de frottement Interfacial des minéraux de terre expansée à l'échelle microscopique, clarifiant le 

processus de changement de phase eau - glace sur l'interface argileuse, explorant le mécanisme 

de destruction de la déformation et le processus de changement de phase du système de glace 

de bloc. Les principales conclusions sont les suivantes: 

(1) Effet de l'eau sur le comportement mécanique par frottement de la Montmorillonite: 

étude MD 

Un modèle d'essai de frottement du monticule hydraté avec différentes teneurs en eau a été 

établi, révélant le mécanisme de frottement du monticule à l'échelle nanométrique. Les résultats 
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des simulations montrent que le coefficient de frottement faible de 0 à 30% de Montmorillonite 

hydratée est de 0058 à 0,17, dont 5% de Montmorillonite hydratée a le coefficient de frottement 

le plus élevé. La redistribution de l'eau entre les couches peut se développer davantage lorsque 

la charge normale varie. L'eau inter - couches peut réduire considérablement les interactions 

entre les couches d'argile. 

 (2) nanofriction aux interfaces quartz - quartz et quartz - argile 

Cinq modèles d'interface quartz - quartz / argile - (eau) ont été établis pour les essais de 

frottement (y compris quartz - quartz, quartz - eau - quartz, quartz - kaolinite, quartz - eau - 

kaolinite et quartz - montmorillonite) et ont révélé leurs mécanismes de frottement en tenant 

compte de la charge normale, de La vitesse de glissement, de la température et de l'action de 

l'hydratation. Les résultats des simulations montrent qu'il existe un effet de viscosité à l'interface 

quartz - quartz / argile - (eau) pendant le frottement. La présence d'argile affaiblit la résistance 

au frottement du quartz. Le coefficient de frottement et la cohésion du quartz augmentent avec 

une augmentation de la vitesse de glissement ou une diminution de la température. La relation 

entre la contrainte de cisaillement et la charge normale est linéaire dans le nanofrottement. 

(3) Étude de la dynamique moléculaire des changements de phase de l'eau non gelée à 

la surface de la Montmorillonite 

En combinant les résultats de la résonance magnétique nucléaire et de la simulation 

moléculaire, les mécanismes microscopiques du processus de changement de phase eau - glace 

à l'interface Montmorillonite ont été révélés. La principale raison de la présence d'eau non gelée 

dans le sol gelé est l'effet de surface de l'argile, où l'interaction électrostatique coulombienne 

prédomine. La Microstructure de l'eau et de la glace non gelées sur les particules d'argile peut 

être divisée en "glace cubique d'eau liée à la Montmorillonite glace cubique hexagonale -" quasi 

liquide "eau - air". 

(4) Evolution de changement de phase et propriétés mécaniques de grands blocs de 

glace sous étirement à l'échelle nanométrique 

On a étudié le comportement mécanique de la glace IH sous l'influence de la température, de 

la pression de confinement et de la transition de phase eau - glace dans un système de glace de 

grand volume. Les résultats des simulations montrent que la transition de phase solide - solide 
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se produit entre 73 et 140 K et la transition de phase solide - liquide se produit entre 150 et 270 

K. la transition de phase a un impact important sur l'énergie potentielle totale et la défaillance 

structurelle. La résistance à la traction diminue linéairement avec l'augmentation de la 

température à faible vitesse de déformation. La glace IH est plus tôt et plus susceptible de fondre 

à des pressions de confinement plus élevées. 

Mots clés : Minéraux argileux; Quartz; Dynamique moléculaire; Friction de l'interface; 

Changement de phase eau - glace. 
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Chapter 1. General introduction 

 

1.1 Research background 

Expansive soil is distributed in more than 60 countries and regions on six continents 

worldwide, mainly containing detrital minerals (e.g., quartz) and clay minerals (e.g., 

montmorillonite, kaolinite, etc.). Based on the classification of clay minerals, expansive soils 

could be classified into two categories: one is mainly montmorillonite, and the other is primarily 

illite and kaolinite. Moreover, expansive soil has significant deformation characteristics of 

water absorption expansion and water loss contraction due to strong hydrophilic 

montmorillonite clay [1, 2]. According to relevant data statistics, the construction area caused by 

expansive soil foundation in China exceeds 108 m2, and the annual economic loss exceeds 90 

billion RMB [3]. Expansive soil is known as "engineering cancer" due to its typical properties 

(such as swelling shrinkage, cracking, and overconsolidation), and then causing engineering 

disasters easily under external environmental [4]. In addition, the stability of the geotechnical 

structure largely depends on the stability of the main constituent minerals (or weak minerals) 

to environmental changes. Research on special rocks and soils such as expansive soil [5], loess 

[6], bentonite [7], and soft rock [8] showed that layered clay minerals were extremely sensitive to 

environmental changes. In many natural and engineering environments, layered clay minerals 

could affect and control the mechanical properties of soil and participate in solute transport, so 

they played a crucial role in the multi-scale evolution of many rocks and soil structures [9]. For 

example, the destruction of large landslides on rocks and soils and even the initial structural 

change might start from the deformation of clay minerals or the change of sedimentary mode. 

The macroscopic behavior of geotechnical materials is the cumulative manifestation of their 

microstructure changes [9]. For example, Zhu et al. [10] reported that clay-based materials' 

deformation at macroscale was controlled by the local motion of clay particles and their 

aggregates at microscale, and clay particles played a dominant role in the failure and 

deformation process. They also pointed out that the characterization of the mechanical behavior 
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of soil should be based on multi-scale methods to consider the effects of mineral composition 

and multi-scale heterogeneity appropriately. Furthermore, the thermal effect, hydration effect, 

and anisotropic mechanical behavior of clay particles at nanoscale are closely related to the 

macroscopic mechanical behavior of clay-based materials [11-13]. Therefore, to fundamentally 

understand the mechanical behavior of expansive soil, it is essential to study its main minerals 

at microscales. 

As is well known, the sliding (or shearing) between clay particles plays an essential role in 

the deformation of clay. The friction characteristics between clay particles are the basis for 

determining the mechanical properties of clay [14]. Montmorillonite in expansive soil minerals 

has a high ion exchange property [15], water swelling property and adsorption property [16], and 

weak friction property [17-19]. Previous studies have shown that montmorillonite was a vital 

component in affecting the failure strength of soil samples and controlling the fracture strength 

[17, 18]. For example, Sakuma et al. [20] reported that montmorillonite could significantly reduce 

the strength of crustal faults and may cause the creep of natural faults in the absence of major 

earthquakes. Moreover, the abnormal large slip (50~80 m) of the 2011 Northeast Japan 

earthquake was attributed to the thin and weak clay (e.g., montmorillonite) in the fault zone [21, 

22]. Meanwhile, the friction behavior between different mineral particles, such as quartz-

montmorillonite, quartz-kaolinite, etc., is also worth exploring. During the sliding process of 

mineral particles, it is difficult for macroscopic tests to reveal what happens on their contact 

surface accurately. Krim [23] pointed out that more information on the basic mechanisms of 

friction could be found in atomic scale. Therefore, it is necessary to explore the interfacial 

friction behavior between expansive soil mineral particles at the molecular/atomic level. 

On the other hand, there are also many expansive soils in seasonally frozen regions of some 

countries [24-26], which undergo conventional dry wet cycles and freeze-thaw cycles, easily 

causing some engineering problems. Expansive soil in seasonally frozen soil areas is a four-

phase complex composed of solid particles, ice, liquid water (unfrozen water), and gas [27]. The 

mutual transformation between ice and unfrozen water in frozen soil was directly affected by 

temperature changing, causing the change in the physical and mechanical properties of frozen 
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soil, ultimately leading to engineering problems such as frost heave and thaw settlement  [27, 28]. 

At present, it is challenging to directly study some microscopic mechanisms of frozen soil 

through physical testing methods, such as the transformation of liquid water phase into ice and 

migrating unfrozen water in frozen soil [29]. It was due to the complex chemical composition, 

small size, and complex surface properties of clay mineral particles. Thus, it is worth exploring 

the ice-water phase transformation process on montmorillonite interface and the phase 

transformation process of pure ice systems and its deformation mechanism under external loads 

through microscale analysis method. 

The traditional research on the mechanical properties of clay is mainly carried out through 

theoretical and experimental means. Some current microstructural mechanics theories are still 

in their infancy [30], and are not applicable to analyze some special geotechnical problems. For 

theoretical derivation, many assumptions are often proposed, causing theoretical descriptions 

which cannot fully reflect the actual situation of the material. On the other hand, the stress 

response and structural changes of materials could be obtained by experiment, but often lacking 

quantitative explanations and ignoring some fundamental mechanisms. At the same time, it is 

challenging to prepare samples and requires high test equipment, such as nanoindentation and 

atomic force microscopy tests [31]. Moreover, it is difficult to accurately obtain the internal 

structural changes and micromechanical properties of expansive soil minerals, due to the 

limitation of the geometric size of expansive soil minerals and test equipment [32, 33]. 

With the rapid development of computer technology, computer simulation technology has 

become the third important research tool independent of theoretical analysis and experimental 

research, serving as a bridge between theory and experiment. The finite element and discrete 

element methods are commonly used in geotechnical engineering, and could better predict 

macroscopic properties. However, they have certain limitations when dealing with small-scale 

(micro/nano scale) geotechnical and mechanical problems. For example, these methods are 

difficult to predict the swelling behavior of expansive soil [34, 35]. In the past few decades, 

molecular dynamics (MD) simulation methods have developed into a good tool suitable for 

solving specific problems in materials science, which could effectively solve the above issues 
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and have been widely applied to study the thermodynamic properties, interface behavior, and 

multi-medium interactions of geotechnical materials at microscale [36-38]. This method could 

make the "black box" of geotechnical materials transparent, thereby revealing more basic 

physical and mechanical mechanisms, and providing a basis for the mechanism interpretation 

of macroscopic and mesoscopic simulation results. 

In this PhD dissertation, MD simulation method has been employed to explore the nanoscale 

interfacial friction behavior of hydrated montmorillonite and quartz-kaolinite-water, and further 

revealing the friction mechanism of expansive soil mineral interface at microscale by 

considering different hydration degrees, normal loads, sliding velocity, etc. The phase 

transformation process of ice-water on montmorillonite interface was discussed, and analyzing 

the evolution law of unfrozen water with temperature change, as well as revealing the interface 

effect of clay minerals. Finally, the deformation and failure mechanism and phase 

transformation process of pure ice systems under external loads was investigated. Interpreting 

macroscopic phenomena from the essential properties of microstructure, provides a theoretical 

basis at the microscale for the study of the mechanical performance of expansive soil and the 

surface characteristics of mineral particles. 

1.2 Research objectives and shortcomings in current research 

The main research objectives of this PhD dissertation are as follows: 

(1) Clarifying the fundamental mechanism: providing the mechanism explanation of the 

interface friction behavior of expansive soil minerals and the interaction between clay minerals 

and ice-water. 

(2) Explaining the experimental phenomenon or data: (a) Why the unfrozen water content in 

frozen soil increases with increasing temperature? (b) Why does the stick-slip effect occur 

during the nanoscale friction process? 

(3) Predicting the behavior of materials: (a) Exploring the effects of various influencing 

factors on the frictional behavior between mineral particles. (b) How does the phase 

transformation process between unfrozen water and ice occur in frozen soil, and how is the 

phase composition distributed? 
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Based on the previous works mentioned in Section 1.1, the shortcomings of current research 

studies are collected in Table 1-1. 

 

Table 1-1 Shortcomings of current research studies, based on previous works. 

Research subject Shortcomings of current research studies 

The frictional behavior of 

expensive soil minerals 

1) It is difficult to accurately reveal the friction mechanism of the mineral 

particles interface through friction and shear experiments; 

2) The study of nano-tribology of minerals is a new field that urgently 

needs to be developed; 

3) The impact of external environmental factors such as normal load, 

sliding velocity, and hydration state on the nanoscale friction 

mechanism and structural properties of rock/soil materials is still 

unclear. 

Ice-water phase 

transformation behavior 

on clay minerals surface 

1) The physical process of ice-water phase transformation cannot be 

directly observed using physical experimental methods, and it is also 

difficult to reveal the microscopic mechanisms involved; 

2) Most experimental methods are used to measure the unfrozen water 

content in frozen soil to analyze the problem of ice water phase 

transformation. Moreover, the ice nucleation process at kaolinite 

interface has been mostly concerned currently. However, research on 

the ice-water phase transformation process at the hydrophilic mineral 

montmorillonite interface has not been reported yet. 

The mechanical behavior 

and phase transformation 

process of bulk ice 

1) The effect of temperature and confining pressure on the tensile 

dynamic mechanical behavior of ice at a low strain rate and its phase 

transformation is still unclear. 

2) The following questions need to be answered:  

a) Under tensile loading with a low strain rate, could the anomalous 

temperature effect still be found?  

b) Does the water-ice phase transition depend on temperature?  

c) How does the confining pressure affect the microstructure and failure 

path of ice? 

 

1.3 Research contents 

Figure 1-1 and Table 1-2 show the technology roadmap and main research contents of this 

PhD dissertation, respectively. 



Chapter 1. General introduction 

 

6 

 

 

 
Figure 1-1. Technology roadmap of this PhD dissertation 

 

Table 1-2 Main research contents of this PhD dissertation 

Chapter Main research content 

Chapter 1. General 

introduction 

1) Introduction to the main research background of expansive soil 

minerals; 

2) Introduction to the research objectives of this PhD dissertation. 

3) Introduction to the research content of each chapter in this PhD 

dissertation. 

Chapter 2. Introduction to 

minerals and Molecular 

Dynamic simulation 

1) Introduction to the structural composition of quartz, 

montmorillonite, and kaolinite;  

2) Introduction to MD simulation method, including its 

development history, basic principles, and other important 

content; 

3) Introduction to some data analysis. 
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Chapter 3. Effect of water on 

the frictional and mechanical 

behavior of montmorillonite: 

A MD study 

1) Established the different hydrated montmorillonite models for 

friction test; 

2) Studying the effects of normal load and water content on the 

interfacial friction behavior of montmorillonite particles; 

3) Deriving the friction coefficient, then verifying the accuracy of 

the established model and applied force field by comparing the 

results of previous experiments and simulations. 

Chapter 4. Nanoscale Friction 

at the Quartz-Quartz and 

Quartz-Clay Interface 

1) Established the four quartz-quartz/kaolinite-(water) interface 

model (including quartz-quartz, quartz-water-quartz, quartz-

kaolinite, and quartz-water-kaolinite) for friction test; 

2) Investigating the effects of normal load, sliding velocity, 

temperature, and hydration on the interfacial friction behavior of 

quartz-quartz/kaolinite-(water) interface model; 

3) Discussing the effect of normal load, hydration, and sliding 

velocity on the stick-slip effect. 

Chapter 5. Phase 

Transformation of Ice-

Unfrozen Water on 

Montmorillonite Surface: A 

Molecular Dynamics Study 

1) Established the initial montmorillonite-unfrozen water-ice model; 

2) Exploring the evolution process of ice water phase 

transformation on montmorillonite interface at different 

undercooled temperatures; 

3) Analyzing the phase composition characteristics in the system 

and exploring the migration and distribution of unfrozen water; 

4) Revealing the microscopic mechanism of the ice water phase 

transformation process on montmorillonite interface. 

Chapter 6. Phase 

Transformation Evolution and 

Mechanical Properties of 

Bulk Ice under Tension at 

Nanoscale 

1) Establishing the bulk ice-Ih model; 

2) Exploring the deformation and failure mechanism of ice under 

temperature-pressure effect; 

3) Studying the phase transformation of ice-water under external 

load. 

Chapter 7. Summary and 

perspectives 

Introduction to the conclusion, main innovation points, and 

perspectives of this PhD dissertation. 
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Chapter 2. Introduction of clay minerals and MD method 

 

2.1 Clay minerals: montmorillonite and kaolinite 

As shown in Figure 2-1(a) and Figure 2-2(a), montmorillonite, 2:1 type layered silicate clay 

mineral, and its structural unit is a sandwich crystal structure consisting of two silica tetrahedron 

layer (Figure 2-2(b)) sandwiched with one aluminum oxide (hydrogen) octahedron layer 

(Figure 2-2(c)). Natural montmorillonite could be regarded as being made of pyrophyllite 

(structural formula: Si4Al2O10(OH)2) in which part of the silicon atoms (Si) in the silicon 

oxygen tetrahedron layer are replaced by aluminum atoms (Al), and part of the aluminum atoms 

(Al) in the aluminum oxide octahedron layer are replaced by iron (Fe), magnesium (Mg) and 

other low-price metal atoms. The negative charges in clay minerals existed due to the above 

atom substitutions, which must be balanced by the adsorption of a certain number of cations to 

achieve electrical neutrality. Among them, the atom substitution of montmorillonite mainly 

occurs in aluminum oxide octahedrons. In addition, the adjacent sheet layers of montmorillonite 

are mostly intermolecular Van der Waals force, with weak gravity. The cations in the upper 

layer are easy to hydrate, and water molecules easily enter the layers, so montmorillonite has a 

relatively large expansion. Montmorillonite has been widely used in sewage and nuclear waste 

treatment, shale gas exploitation, oil drilling, nanocomposite materials, medicine, catalysts, and 

catalyst carriers due to its high ion exchange, water swelling, and adsorption properties [39-41]. 

As shown in Figure 2-1(b), kaolinite (structural formula: Al2Si2O5(OH)4) is a 1:1 type layered 

silicate clay mineral, and its structural unit is composed of one layer of silica tetrahedron and 

one layer of alumina octahedron. There is no atom substitution in kaolinite, so it is electrically 

neutral without interlayer absorb cations. The hydrogen bonds between kaolinite layers are 

composed of hydrogen atoms and oxygen atoms on the surface, where its connection force is 

much greater than the Van der Waals force between montmorillonite layers. Thus, kaolinite does 

not have expansibility. 
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(a) montmorillonite [15]               (b) kaolinite 

Figure 2-1. Crystal structure of layered silicate clay minerals of montmorillonite 

(2:1 type) and kaolinite (1:1 type) 

 

 

Figure 2-2. (a) Schematic diagram of the structure of montmorillonite; (b) silico-

oxygen tetrahedrons and silico-oxygen tetrahedrons arranged in a hexagonal 

network; (c) The sheet structure of the aluminoxy-octahedral element and the 

aluminoxy-octahedral element. [42] 

 

The tetrahedron and octahedron units are made up of atoms, then form thin sheets, stack into 

layers, and combine to produce different clay mineral groups, as shown in Figure 2-3. The basic 

structure shown in the bottom row of the figure contains the vast majority of clay mineral types 

found in rocks and soils. It is convenient to distinguish the type of clay minerals according to 

crystal structure and stacking order of layers, where members of the same group usually have 

similar engineering properties. 

As shown in Figure 2-3, the difference between 2:1 type clay mineral mainly lies in the type 

and quantity of "glue" that binds two clay layers together. For example, montmorillonite has 

loose cations between layers, while illite contains potassium ions embedded on the surface of 

the mineral layer, and vermiculite has a layer of organized water and cations.  
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Figure 2-3. Synthesis pattern for the clay minerals [43] 

 

2.2 Molecular Dynamic simulation method 

2.2.1 Method introduction 

With the rapid development of computer technology, multi-scale numerical simulation 

methods have been constantly developed (see Figure 2-4). According to the scale of time and 

space, four scales could be proposed: macroscopic, mesoscopic, microscopic, and nanoscale (or 

atomic), where each scale has corresponding numerical simulation methods (see Table 2-1). 

 

Table 2-1. Correspondence between various material simulation methods and space-

time scale.  

Scale Representative 

simulation 

methods 

Space scale 

(m) 

Time 

scale 

Basic 

unit 

Theoretica

l basis 

Typical applications 

nanoscal

e (or 

atomic) 

First principles 10-10 ~ 10-8 

(Could 

handle 

hundreds of 

atoms) 

ps  

(10-12 

s) 

Electron

s 

/nuclei 

quantum 

mechanics 

The structure of single 

lattice defects, their 

dynamic characteristics, 

and the calculation of 

various constants of 

materials 
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microsco

pic 

Molecular 

dynamics 

method, Monte 

Carlo method, 

molecular force 

field 

10-10 ~ 10-6 

 (Atoms 

number can 

reach the 

order of 

1012) 

µs  

(10-6 

s) 

Atom 

(ignorin

g 

Electron

ic effect) 

Quantum 

mechanics

/Classical 

mechanics

/Statistical 

mechanics 

The Structure and 

Dynamic 

Characteristics of 

Lattice Defects 

mesosco

pic 

Dislocation 

dynamics, 

Dissipative 

particle 

dynamics, etc 

10-9 ~ 10-4 ms  

(10-3 

s) 

Beads/ 

Some 

Atoms 

Defect 

Mechanics 

and Phase 

Transform

ation 

Mechanics 

Crystal plasticity, 

regeneration and 

recovery, 

microstructure, 

dislocation distribution 

map, thermal activation 

energy 

macrosc

opic 

Finite element 

method, 

boundary 

element method, 

Finite difference 

method 

10-5 ~ 100 s 

 

Grid Continuu

m 

mechanics 

Average solution of 

difference equation at 

macro scale 

(mechanics, 

Electromagnetism, 

hydrodynamics, 

temperature field, etc.) 

 

Computer molecular simulation technology is a microscopic experimental method that can 

be used for both theoretical research and experimental verification. It can not only simulate the 

molecular structure of various substances, but also predict the properties of materials. In 

addition, it can also simulate the dynamic changes in the reaction process of substances and 

explain the experimental phenomena observed at the macro scale. Computer molecular 

simulation technology mainly includes Molecular mechanics simulation technology (MM), 

molecular dynamics simulation method (MD), and Monte Carlo simulation method (MC). 

MD simulation method is a comprehensive technology combining physics, chemistry, and 

mathematics, and is also an effective method for computing complex molecular systems. The 

research object of MD simulation is molecules or atoms, following Newton's second law, 

solving the interaction potential function and equations of motion between classical particles 

(particles are regarded as rigid bodies, ignoring electronic effect), and then analyzing the 
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behavior law of particle motion. Based on statistical mechanics, the instantaneous average 

behavior of many particles are replaced by the long-term average behavior of a few particles, 

that is, the macroscopic physical quantities of a macroscopic object, such as temperature, 

pressure, energy, stress, etc. Moreover, in recent decades, MD simulation technology has been 

widely applied in many fields such as physical chemistry, materials science, life science, earth 

science, environmental protection, and environmental geotechnical engineering, due to its high 

accuracy, fast speed, and enormous computational system [44, 45]. The number of published 

articles has increased yearly (Figure 2-5(a)). The number of articles applying molecular 

dynamics to geotechnical engineering is also constantly increasing (Figure 2-5(b)). 

 

 

(a) Schematic diagram of multi-scale numerical simulation for handling clay (with minor 

modifications in this work) [46] 

 

(b) A multi-scale framework for converting atomic behavior into engineering scale [47] 

Figure 2-4. Multi-scale numerical simulation methods 
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           (a)                                                                     (b) 

Figure 2-5. The number of articles published on Web of science based on different 

topic keywords: (a) the topic keyword of "Molecular dynamics simulation"  (1968-

2023.02); (b) Thematic keywords: "Molecular dynamics simulation" and "Soil or 

rock" (1977-2023.02). 

 

2.2.2 Development History 

The development of MD simulation could be traced back to the 1950s, when scientists began 

using computers to simulate molecular motion. With the rapid development of computer 

technology and the multi-body potential functions method, MD simulation technology has also 

developed rapidly and has become an important research tool [48]. Table 2-2 shows the 

development history of MD simulation methods. 

 

Table 2-2. Development history of MD simulation methods. [48] 

Time Researchers Progress 

1957 Alder et al. Molecular dynamics simulations were first reported by studying the 

aggregation of hard spheres. 

1959 Alder et al. The molecular dynamics simulation of real material models has been 

reported for the first time, which simulates the radiation hazards of cobalt 

crystals. 

1964 Ralman et al. The molecular dynamics simulation of real fluid argon was first reported, 

using the Lennard-Jones potential function to represent the interaction 

between atoms. 

1972 Less et al. The method is developed and extended to nonequilibrium systems with a 

velocity gradient. 

1980 Andersen et al. Created a constant pressure molecular dynamics method. 
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1983 Gillan et al. The method was extended to non-equilibrium systems with temperature 

gradients, thus forming a non-equilibrium molecular dynamics method 

system. 

1984 Nose et al. Completed the creation of a constant temperature molecular dynamics 

method. 

1985 Car et al. A first-principles molecular dynamics method was proposed to unify 

electron theory with molecular dynamics methods organically. 

1991 Cagin and 

Pettit 

Furthermore, the Grand canonical ensemble molecular dynamics method 

is proposed. 

2.2.3 Basic principles 

In MD simulation, we first establish a reasonable theoretical model, then solve the Newton's 

Equations of motion of all particles in the system by integration. Furthermore, the motion 

trajectories of each particle can be obtained, allowing for the calculation of thermodynamic 

quantities and other macroscopic properties of the system [49]. 

The total energy of the system is equal to the sum of kinetic energy (Uk) and potential energy 

(Ur), where potential energy includes intermolecular atomic interactions (Uinter) and 

intramolecular atomic interactions (Uintra). 

 𝑈 = 𝑈k + 𝑈r = ∑
1

2
𝑚𝑖𝑣𝑖

2 + 𝑈r(𝑟1, 𝑟2, … 𝑟𝑁)

𝑁

𝑖=1

 (2-1) 

 Ur = Uinter + Uintra
 (2-2) 

According to Newton's Classical mechanics, the force on any atom i in the system is the 

gradient change of potential energy: 

   𝐹𝑖 = −𝛻𝑖𝑈 = −(𝑖
𝜕

𝜕𝑥𝑖
+ 𝑗

𝜕

𝜕𝑦𝑖
+ 𝑘

𝜕

𝜕𝑧𝑖
)𝑈  (2-3) 

According to Newton's laws of motion, the acceleration of atom i is: 

  𝑎𝑖 =
𝐹𝑖

𝑚𝑖
  (2-4) 

By integrating and solving for time, it is possible to predict the new velocity and position of 

atom i after time t:  

  𝑣𝑖 = 𝑣𝑖
0 + 𝑎𝑖𝑡  (2-5) 
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 𝑟𝑖 = 𝑟𝑖
0 + 𝑣𝑖

0𝑡 +
1

2
𝑎𝑖𝑡

2 (2-6) 

where v is the velocity, r is the position, a is the acceleration, and 𝑟𝑖
0 is the current position 

of the particle. When the initial velocity and position of the atom are known, the position, 

velocity, and acceleration of all particles in the system can be obtained at any time using the 

above equation. 

The mentioned above is the theoretical basis for solving the energy, force, and displacement 

parameters of all particles in the system through MD simulation methods. Moreover, in MD 

simulation, the common integration algorithms for solving Newton's Equations of motion 

mainly include the Verlet algorithm and its improved Leap-frog algorithm, the Velocity Verlet 

algorithm, and the Predictor corrector method [48]. Their advantages and disadvantages are 

shown in Table 2-3. Among them, the Velocity Verlet algorithm is widely used due to its high 

computational accuracy and moderate computational complexity, and performed in this work. 

 

Table 2-3. Advantages and disadvantages of common integration algorithms. [48] 

Integral algorithm Advantages Disadvantages 

Verlet algorithm Simple in form and easy to program; 

The calculation accuracy of coordinate 

positions is high, reaching fourth order; 

Calculate the force only once per 

integration; Time is reversible. 

The calculation accuracy of speed is 

relatively low, which is second-order; 

The obtained motion trajectory is 

independent of speed and cannot be 

coupled with a hot bat.  

Leap-frog algorithm The calculation accuracy of coordinate 

position and velocity has been 

improved, both of which are fourth 

order; The trajectory of particles is 

related to velocity and can be coupled 

with a hot bath. 

The calculation of position and 

velocity is not synchronized, and 

kinetic energy and potential energy 

cannot be calculated separately based 

on velocity and position at the same 

time; The calculation time cost is 

higher than the Verlet algorithm. 

Velocity Verlet 

algorithm 

The calculation accuracy of coordinate 

position and velocity is superior to the 

Verlet algorithm; It also overcomes the 

disadvantage of asynchronous 

computation in the Leap-frog 

The computational complexity is 

higher than the Verlet algorithm and 

Leap-frog algorithm. 
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algorithm; Moderate computational 

complexity, currently widely used. 

Predictor-corrector 

method 

Combining the advantages of the first 

two algorithms, Numerical stability 

and energy conservation performance 

are improved. 

Higher computational complexity, 

which consumes a large amount of 

computer memory during the 

calculation process, is not suitable for 

simulating large-scale systems. 

 

2.2.4 Calculation process 

As shown in Figure 2-6, the calculation process of MD simulation is as follows: 

 (1) Setting the initial position and velocity of atoms in the system: For geotechnical materials, 

the spatial coordinates of the atoms contained in the material can generally be obtained through 

X-ray diffraction tests to determine the initial position of the atoms. At the same time, the initial 

velocity of the atoms in the system is also set. 

(2) Calculate the potential energy and interaction forces between atoms: Defining the atomic 

force field in the structure by defining the interaction potential function between atoms, and 

calculating the potential energy of the atoms. Then, the force acting on each atom through the 

partial derivative of the potential energy to the coordinates were obtained. 

(3) Numerical integration is performed on Newton's Equations of motion to calculate the new 

position and velocity of each particle: since the mass of each atom is known, the acceleration 

of each atom in the structure can be obtained by using Newton's second law. By selecting an 

appropriate time step (usually 1 fs = 10-15 s), integrating the acceleration to obtain the velocity 

of each atom, and then integrating the velocity to obtain the displacement of each atom, a new 

structure configuration could be obtained. The potential energy of each atom in this 

configuration was recalculated.  

(4) Repeat steps 2 and 3, iterating for enough time to achieve balance in the system. 

(5) Analyze trajectory results to obtain system information. 
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Figure 2-6. Molecular dynamics calculation flow chart 

 

2.2.5 Introduction to the ensemble 

Statistical mechanics is an essential tool to calculate the macroscopic properties of systems 

through its microscopic physical states (such as kinetic energy and potential energy). In 

statistical mechanics, according to different physical and chemical conditions, various 

ensembles are constructed to describe the microscopic state of system, and the required physical 

quantities are calculated by ensemble averaging. Moreover, the ensemble refers to the collection 

of all microscopic states corresponding to a macroscopic state of a system. The commonly used 

ensemble includes the following categories: Microcanonical ensemble (NVE), Canonical 

ensemble (NVT), Isothermal–isobaric ensemble (NPT), Grand canonical ensemble (µVT), 

Equienthalpy isobaric ensemble (NHP), etc. 

The NVE, NVT, and NPT ensembles were used in this thesis, where the temperature and 

pressure of system were controlled under different methods.  The commonly used methods for 

controlling temperature include direct speed calibration, Berendsen, Nose-Hoover, and 

Langevin hot bath temperature control. The main methods for controlling pressure include 

Anderson, Berendsen, and Parrinello Rahman constant pressure method [50]. 
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2.2.6 Boundary Conditions  

Due to the limited simulation ability of molecular dynamics, it is not possible to simulate a 

large number of particles (systems with millions of atoms), and can only simulate a specific 

number of particle systems in a limited space. Therefore, the concept of boundary conditions 

[51] was proposed to solve this problem, which can be divided into periodic boundary conditions 

and non-periodic boundary conditions. Periodic boundary conditions could make the simulation 

system become an infinite molecular system with the same properties, allowing the use of a 

relatively small number of particles to simulate the macro system. Non-periodic boundary 

conditions are applicable to non-uniform systems, where external particles cannot exchange 

matter and energy with the system at the boundary. 

As shown in Figure 2-7, the periodic minimum image refers to the central box in the figure 

representing the simulated system, and the surrounding boxes have the same arrangement and 

motion as the simulated system. When the system is under periodic boundary conditions, if any 

particle moves out of the box, one particle must move in from the opposite direction. Thus, the 

number of particles in the system remains constant. 

The closest periodic image method is usually used, when calculating the intermolecular 

forces in a system. It is assumed that there are N particles in the original cell. In the repeated 

molecular dynamics original cell, each particle only interacts with the other N-1 particles or the 

closest minimum image particles in the original cell. When using the closest periodic image 

method, the truncation radius (rc) method is usually used to calculate the remote forces of 

system. In MD simulation, if the distance between molecules is greater than the truncation 

radius, their interaction force is considered as zero, and the truncation radius is generally around 

10 Å. In addition, the maximum truncation radius cannot exceed half of the box edge length 

(L), that is, rc ≤ L/2. 
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Figure 2-7. Schematic diagram of periodic boundary conditions in two-dimensional 

direction, where the dashed circle represents a potential cutoff. [42]  

 

2.2.7 Introduction of Force Field 

In MD simulation, we need to provide initial atomic positions and force field parameters for 

the interaction potential function of the system. Force field is a mathematical model that 

describes the interaction forces between atoms in molecules. It is one of the most fundamental 

parts of computational molecular dynamics simulation and the key to simulating materials using 

MD methods. The force field could quantitatively describe the bond energy, bond angle energy, 

dihedral angle energy, van der Waals interaction, coulomb electrostatic interaction, etc., 

between atoms in molecules. The interaction between the microscopic particles of the system 

is calculated through the force field, where the force field parameters are derived from the 

empirical fitting of many crystallography, thermodynamics, spectroscopy, and other 

experimental data or accurate quantum chemistry calculations. 

Since the 1970s, a series of force fields applicable to organic molecules (e.g. protein, nucleic 

acid, sugar), inorganic materials (e.g., metal, metal oxide, clay), and polymer systems have been 

developed, such as the common AMBER, CHARMM, CVFF, COMPASS, CLAYFF, OPLS, 

and other force fields [48]. 
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Figure 2-8. Molecular force field models: Models of intramolecular and 

intermolecular interactions. 

 

Molecular force field models are divided into intramolecular and intermolecular interaction 

models. As shown in Figure 2-8, intramolecular interaction models mainly include bond 

stretching model, bond angle bending model, dihedral angle twisting model, off plane bending 

vibration model, and intramolecular non-bond interaction model. Among them, the 

intramolecular non-bond interaction model refers to the non-bond interaction between two 
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atoms connected by non-bond in the same molecule (including coulomb electrostatic and van 

der Waals interaction), such as the interaction between atoms 2 and 5 in molecule A. 

In addition, as shown in Figure 2-8(e), the intermolecular interaction model refers to the non-

bond interaction of two atoms between different molecules, which also consists of coulomb 

electrostatic and van der Waals interaction, such as the interaction between atom 5 in molecule 

A and atom 6 in molecule B [40]. 

2.2.7.1 CLAYFF force field 

The molecular structure of clay minerals is mainly composed of silica tetrahedron, aluminum 

oxide octahedron, and unique isomorphic substitution, adsorption of counter ions and water 

molecules. Due to the complex molecular interaction, the common force field could not 

reasonably describe the mechanical behavior of clay mineral crystal materials. In 1989, Skipper 

et al. first used MCY and QPEN two different force fields for clay minerals. In 1994, Kumagai 

proposed another CFF force field that could simulate aluminum silicate. In 1997, Teppen et al. 

optimized this force field to better describe the structural characteristics of various clay mineral. 

In 2004, Cygan et al. developed the CLAYFF force field applicable to geotechnical materials 

through first principles [52]. 

Since the CLAYFF force field was first proposed in 2004, it has been successfully applied to 

calculate the characteristics of rock fractures, interface adsorption, pore oil hydrocarbon 

transport, carbon storage, etc., especially the interaction between clay mineral base surface and 

multi-media, such as the structure and dynamic analysis of interlayer water and cations, organic 

intercalation modification, etc. Currently, this force field has been cited thousands of times. The 

CLAYFF force field in MD simulation is widely used to understand the structure, dynamics, 

and thermodynamics of clay, reveal the expansion phenomenon and adsorption characteristics 

of montmorillonite crystals, as well as accurately describe the structure and dynamics process 

of surfactants on clay mineral surface [53]. Many of the simulation results above are consistent 

with many experimental results. 

The CLAYFF force field [52] has been widely used for clay minerals in MD simulation [14, 15, 

54, 55], so it was employed in this doctoral thesis. The potential parameters of the CLAYFF force 
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field are shown in Table 2-4 and Table 2-5, where the total potential energy (Etotal) of the entire 

system could be calculated using eq. (2-7). 

 bond stretch angle bend Coulomb VDWtotalE E E E E= + + +  (2-7) 

 ( )
2

bond stretch 1 0ijE k r r= −  (2-8) 

 ( )
2

angle stretch 2 0ijkE k  = −  (2-9) 

The bond stretching potential energy (Ebond stretch) and the bond angle bending potential energy 

(Eangle stretch) could be obtained by eq. (2-8) and (2-9), where k1 and k2 are the elastic constants 

in bond stretching and bond angle bending, respectively; r0 and rij are the equilibrium bond 

length and atomic distance between atoms i and j, respectively; θijk is the bond angle value 

constructed by atoms i, j, and k, θ0 is the equilibrium bond angle. 

 

12 6

VDW 4
ij ij

ij

ij ij

E
r r

 

    
 = −           

 (2-10) 

 

2

Coulomb

04

i j

ij

e q q
E

r
=  (2-11) 

The Lennard-Jones potential/van der Waals potential energy (EVDW) and coulomb 

electrostatic potential energy (ECoulomb) could be obtained from the above equation, where σ is 

the distance when the Lennard-Jones potential is zero, ε is the depth of the potential; qi and qj 

is the charge of atoms i and j, respectively. e is the elementary charge, and ε0 is the vacuum 

dielectric constant. Moreover, the interaction between different atoms σij and εij can be obtained 

through the Mixing Lorentz-Berthelot's law [48], as shown in eq. (2-12) and (2-13). 

 
2

i j

ij

 


+
=  (2-12) 

 ij i j  =  (2-13) 
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Table 2-4. Parameters of non-bond items in CLAYFF force field [52, 53] 

Species symbol Charge (e) ε (kcal/mol) σ (Å) Ref. 

water hydrogen (SPC/E) h* 0.4238     a 

water oxygen (SPC/E) o* -0.8476 0.1554 3.1655 a 

hydroxyl hydrogen ho 0.425     b  

hydroxyl oxygen oh -0.95 0.1554 3.1655 b 

bridging oxygen ob -1.05 0.1554 3.1655 b  

bridging oxygen with octahedral substitution obos -1.1808 0.1554 3.1655 b  

bridging oxygen with tetrahedral substitution obts -1.1688 0.1554 3.1655 b  

hydroxyl oxygen with substitution ohs -1.0808 0.1554 3.1655 b  

tetrahedral silicon st 2.1 1.8405×10-6 3.3020 b  

octahedral aluminum ao 1.575 1.3298×10-6 4.2713 b  

tetrahedral aluminum at 1.575 1.8405×10-6 3.3020 b  

octahedral magnesium mgo 1.36 9.0298×10-7 5.2643 b  

aqueous sodium ion Na 1 0.1301 2.35 c 

Reference: a:[56]; b:[52]; c:[57]. 

 

Table 2-5. Bond and angle parameters in CLAYFF force field [53] 

 Harmonic bond stretch 
k1 (kcal/mol-Å2) ro (Å) 

  species i species j 

SPC or SPC/E o* h* 554.1349 1.0 

  oh ho 554.1349 1.0 

  ohs ho 554.1349 1.0 

 Harmonic bond-angle bend 
k2 (kcal/mol-rad2) θo (deg) 

  species i species j species k 

SPC  h* o* h* 45.7696 109.47 

SPC/E h* o* h* 45.7696 109.47 

 Morse bond stretch Do a ro  

  species i species j (kcal/mol)     (Å -1)   (Å) 

dioctahedral oh ho 132.2 2.182 0.945 

trioctahedral oh ho 132.2 2.135 0.9572 

 M-O-H harmonic bond-angle bend   
k2 (kcal/mol-rad2) θo (deg) 

  species i species j species k 

  st oh ho 15 100 
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bulk ao oh ho 15 116 

surface ao oh ho 15 110 

bulk mgo oh ho 6 120 

surface mgo ohs ho 6 110 

 

2.2.7.2 Water molecular force field 

The number, position, and quantity of charge points vary among different water molecule 

models, as well as the number, position, and force field parameters of van der Waals force points. 

Most water molecule models are composed of three to six force points, where the four force 

point water model (such as TIP4P/ICE, TIP4P/2005, etc.) is an extension of the traditional three 

force point water model (such as SPC, SPC/E, TIP3P, etc.) through adding a massless, oxygen 

atom dependent charge and placing it at an additional position M (see Figure 2-9). The distance 

between this position M and oxygen along the angle bisector of the HOH bond angle is fixed. 

The water molecule models used in this work contain SPC, SPC/E, and TIP4P/ICE, and their 

potential parameters are shown in Table 2-6. 

 

Table 2-6. Force field and potential parameters of some common water molecules. 

Model ε (kcal/mol) σ (Å) dOH (Å) dOM (Å) qO qH θH-O-H Ref. 

SPC 0.1554 3.1656 1  -0.82 0.41 109.47 a 

SPC/E 0.1554 3.1656 1  -0.8476 0.4238 109.47 b 

TIP4P/ICE 0.2108 3.1668 0.9572 0.1577 -1.1794 0.5897 104.52 c 

TIP4P/2005 0.1852 3.1589 0.9572 0.1546 -1.1128 0.5564 104.52 d 

a:[58]; b: [56] ; c: [59]; d:[60]. 

 

                          

(a) three force point (e.g. SPC, SPC/E)      (b) four force point (e.g. TIP4P/ICE, TIP4P/2005) 

Figure 2-9. Force points and distribution of water molecular models. [61] 
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2.3 Data analysis 

2.3.1 Friction load, friction coefficient, and potential mean force (PMF) 

The friction load (f) or pulling force is equal to the force of the virtual spring (Fspring), which 

could be obtained through eq. (2-14). Furthermore, Wei et al. [14] verified that the stiffness 

coefficient (K) of the virtual spring did not affect the result of friction load in MD simulation. 

Thus, to ensure reliability and save computing resources, the stiffness coefficient of 100 N/m 

of the virtual spring was also applied in this work. 

 𝑓 = 𝐹𝑠𝑝𝑟𝑖𝑛𝑔 = 𝐾(𝑅 − 𝑅0) (2-14) 

where f is the friction load, Fspring is the force of all atoms in the group. (R - R0) is the spring 

elongation, and K is the stiffness coefficient of the virtual spring[50]. 

The friction coefficient (μ) can be obtained via the following equations: 

 n 0f F F= +  (2-15) 

 𝜏 =  𝜇𝜎𝑛 +  𝑐,  𝜇 = 𝑡𝑎𝑛𝜑 (2-16) 

where f, μ, Fn, and F0 are the friction load, friction coefficient, applied normal force, and offset 

friction load when Fn = 0, respectively. The shear load (τ) and normal load (σn) are obtained 

from f and Fn divided by the shear area of the system, and c and 𝜑 are the cohesion and friction 

angle, respectively. 

The potential energy (Uspring) and the work (W) of virtual spring could be calculated by the 

following equations. 

 𝑈𝑠𝑝𝑟𝑖𝑛𝑔 = 
1

2
 𝐾[𝑣𝑡 − (𝑟𝑡⃗⃗ − 𝑟0⃗⃗  ⃗) ∙ �⃗� ]2 (2-17) 

 𝑊 = ∫ ∇
𝑟𝑓

𝑟0

𝑈𝑠𝑝𝑟𝑖𝑛𝑔 ∙ 𝑑𝑟  (2-18) 

where v, t, n are the pulling velocity of spring, pulling time, and pulling direction, respectively. 

Moreover, rt and ro are the positions of the slider centroid (i.e., the upper boundary layer in this 

work) in the current or initial state, respectively. rf is the final position of slider centroid. 
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The potential mean force (PMF)[62] is used to describe the changing of free energy, and 

calculated by Jarzynski’s equation as following: 

 PMF = ∆𝐹 =  − 𝑘𝐵𝑇 𝑙𝑛 (𝑒
− 

𝑊
𝑘𝐵𝑇

̅̅ ̅̅ ̅̅ ̅̅
) (2-19) 

where ∆𝐹, W, kB, and T are the Helmholtz free energy difference between the initial and final 

configurations, work of spring, Boltzmann constant, and temperature of system, respectively. 

2.3.2 Radial distribution function (RDF) and coordination number (CN) 

The radial distribution function (RDF) obtained by eq. (2-18) is often employed to calculate 

and represent the distance between different particles to reflect their interaction relationship[63]. 

The RDF could be also used to analyze and distinguish the crystals, liquids, and gases, such as 

a long-range ordered structure for crystals, a short-range ordered and long-range disordered 

structure for liquids, and no apparent structure for gases.  

Moreover, the coordination number (CNij) could quantitatively describe the numbers of 

atoms of surrounding atom j around central atom i, which is calculated by integrating the RDF 

curves from the origin to the position of the first valley based on eq. (2-19). 

 

                                                𝑔(𝑟)𝑖𝑗 =
𝑛(𝑟)𝑗

𝜌𝑗𝑉
≈

𝑛(𝑟)𝑗

4𝜋𝜌𝑗𝑟2𝛥𝑟
 (2-20) 

 CN𝑖𝑗 =  4𝜋𝜌𝑗𝑟
2 ∫ 𝑔(𝑟)𝑟2𝑑𝑟

𝑟𝑖𝑗

0

 (2-21) 

where n(r)j is the average number of atom j around atom i in a shell with radius r to (r + △r), ρj 

is the number density of atom j, r is the distance between atom i and j. 

2.3.3 Order parameter F3 

The order parameter F3 is a three-body structural parameter to investigate the properties of 

dissociated water, proposed by Baez and Clancy [64]. The F3 is used to measure the tetrahedral 

arrangement of an oxygen atom’s n neighbors, and is calculated by equation (2-20), where the 

equilibrium angle was set as 104.52°, as determined in TIP4P/ICE water model.                           
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 𝐹3 = ⟨(𝑐𝑜𝑠 𝜑𝑗𝑖𝑘 |𝑐𝑜𝑠 𝜑𝑗𝑖𝑘 |  +  cos2 (104.52°))2⟩ (2-22) 

where 𝜑𝑗𝑖𝑘 is the angle between a water oxygen (i) and two oxygens (j and k) in its neighbor 

shell. F3 is equal to zero for perfect tetrahedrally coordinated oxygens, such as ice, and 0.1 for 

liquid water. 

2.3.4 Mean square displacement (MSD) and diffusion coefficient (Ds) 

The mean square displacement (MSD, m2/s) and diffusion coefficient (Ds) were given by the 

following equations. 

 𝑀𝑆𝐷(𝑡) = 𝑅2(𝑡) =
1

𝑁
∑(𝑟𝑖(𝑡) − 𝑟𝑖(0))

2

𝑁

𝑖=1

 (2-23) 

 𝐷𝑠 =
𝑀𝑆𝐷(𝑡)

2𝑑 × 𝑡
 (2-24) 

where d represents the simulation dimension, which is equal to 3 in three-dimensional space, 

such as the overall diffusion coefficient; and equal to 1 in one-dimensional space, such as 

diffusion coefficient along the x-, y-, and z-direction. 

2.3.5 Work of adhesion (WAB) 

The work of adhesion (WAB) [65] is defined as a work required to separate two phases from 

each other, either liquid-liquid or liquid-solid interface (Figure 2-10). In this work, the work of 

adhesion between the water-ice system and montmorillonite surface was calculated according 

to the following equation: 

 

  
𝑊𝐴𝐵 = 

(𝐸𝑤𝑎𝑡𝑒𝑟−𝑖𝑐𝑒  +  𝐸𝑀𝑡)  −  𝐸𝑀𝑡−𝑤𝑎𝑡𝑒𝑟−𝑖𝑐𝑒

2𝐴
 (2-25) 

where EMt-water-ice, EMt, and Ewater-ice are the total energy of the whole Mt-water-ice system 

(Figure 2-10(a)), bulk montmorillonite system (Figure 2-10(b)), and water-ice system (Figure 

2-10(c)), respectively. Moreover, A is the contact area between montmorillonite and water-ice 

system (Figure 2-10(a)). 
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Figure 2-10. Structure diagram of (a) montmorillonite-water-ice, (b) 

montmorillonite, and (c) water-ice system. 

2.3.6 Chill+ algorithm 

Nguyen and Molinero [66] proposed Chill+ algorithm, which could identify the structure of 

ice (containing cubic, hexagonal, and interfacial ice), clathrate (containing hydrate and 

interfacial hydrate), and liquid water using the number of staggered and eclipsed bonds in the 

target system, as shown in Table 2-7.  

As shown in Figure 2-11, the hexagonal and cubic ice could form and exist spontaneously in 

nature, and they had different crystal structure, stacking sequence, length of hydrated bond, 

density, and form conditions, where the hexagonal ice was stable ice, and cubic ice was 

metastable ice[67]. 
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Figure 2-11. A dislocation mechanism for the reversible transformation between 

hexagonal Ice Ih and cubic Ice Ic. Balls and sticks show the oxygen atoms and the 

hydrogen bonds, respectively: (a) and (c) for the Ice Ih structure projected on a 

prismatic plane {1 1 2 0} and on a basal plane, respectively, and (b) and (d) for the 

corresponding projections of the Ice Ic structure. Bimolecular layers A-A', B-B', and 

C-C' are simply designated bilayers A, B and C, respectively. Reversible 

transformation between Ice Ih and Ice Ic can be made by glide motion of a partial 

dislocation with a Burgers vector pi (i = 1, 2 or 3) along the basal slip plane S 

between the bilayers A and B. The bilayer A turns into a new bilayer C by this glide 

motion, transforming Ice Ih to Ice Ic, and vice versa for the transformation from Ice 

Ic to Ice Ih 
[68]. 

 

Table 2-7. Identification of Ice, Clathrate, and Liquid in CHILL+ Using the Number 

of Staggered and Eclipsed Bonds. [66] 

Structure Eclipsed bonds Staggered bonds Neigh. a 

Hexagonal ice 1 3 4 

Cubic ice 0 4 4 

Interfacial ice 2 or 1 2 or 3 4 

Hydrate 4 0 4 

Interfacial hydrate 3 any 4 

Liquid water N/A N/A any 

Note: a Number of water neighbors within 3.5 Å (first coordination shell). 
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Chapter 3. Effect of water on the frictional and mechanical behavior 

of montmorillonite: a MD study I 

 

Abstract 

The interparticle friction behavior of clay plays an essential role in controlling its mechanical 

properties, but remains unclear in nanoscale. As one of the major clay particles, the nanoscale 

friction properties of hydrated montmorillonite have been studied using steered molecular 

dynamics simulation (SMD) method, considering the coupling effect of water content of 0 ~ 

30% and normal load of 1 atm ~ 10 GPa. The SMD has been performed to investigate the 

frictional mechanism of hydrated montmorillonite and its structural properties of interlayer 

water. The evolution of average friction load with water content, friction coefficients, and the 

distribution of interlayer water molecules were obtained. Furthermore, the SMD pulling along 

z-direction was conducted to study the effect of interlayer water molecules on the interaction 

between montmorillonite layers. All simulation results showed that more energy and a higher 

friction load were required to slide at a higher normal load. The friction coefficient of 0.058 ~ 

0.17 for hydrated montmorillonite agreed well with the previous experimental and simulation 

results, showing its weak friction properties. The evolution of friction coefficient with water 

content was different at different normal loads, where the friction coefficient of 5% hydrated 

montmorillonite was the highest at 3 ~ 10 GPa. Moreover, the increasing normal load could 

promote the redistribution of interlayer water. 

Keywords: Molecular Dynamics; Water content; Normal load; Montmorillonite; Nanoscale 

friction.  

                                                 

I This chapter is based on the following paper: Wei, P., Zheng, Y., Zaoui, A. Effect of water on the frictional and 

mechanical behavior of montmorillonite: a MD study, 2023. (Under review). 

Other relevant work concerning about nanoscale friction of clay minerals: 

Wei P., Zhang L., Zheng Y., Diao Q., Zhuang D., and Yin Z. Nanoscale friction characteristics of hydrated 

montmorillonites using molecular dynamics[J]. Applied Clay Science, 2021,210:106155.  

Wei P., Zhou S., Zheng Y. et al. Nanoscale Stick-Slip Behavior and Hydration of Hydrated Illite Clay. Computers 

and Geotechnics, 2023. (In press) 
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3.1 Introduction 

Montmorillonite, one of the widespread clay minerals, is the most prevalent 2:1 type clay, 

found in soils, sediments, and atmospheric particles as part of clay particles. It has not only a 

strong water sorption capacity, low permeability, and high expansibility, but also extremely 

weak friction coefficient [17-19]. Thus, montmorillonite was an important component that could 

significantly control the failure strength of soil samples [19]. Moreover, Sakuma et al. [20] 

reported that smectite could dramatically decrease the mechanical strength of crustal faults and 

may cause creep on natural faults without great earthquakes. For example, the abnormally large 

slip (50 ~ 80 m) of the 2011 Tohoku earthquake was due to the existence of montmorillonite in 

the fault zone [21, 22]. Therefore, the friction behavior of montmorillonite particles is very worth 

studying. 

Some macroscopic experimental tests [19, 69-71] were used to study the friction properties of 

montmorillonite. It is observed that its friction coefficient could be significantly affected by 

different environmental factors, such as hydration state [19, 72], temperature [70], normal stress [69, 

73], interlayer cation [71], sliding/shearing velocity [73], and clay content [74, 75]. Previous studies 

have advanced the knowledge of friction properties on montmorillonite-based soils in 

macroscale, but it is challenging to reveal some friction/shear mechanism between materials 

interfaces. Furthermore, in microscale, the nanoscale friction behavior of hydrated 

montmorillonite is still relatively less, and has gradually started to be studied recently [14, 20, 76]. 

The investigation at the atomistic level could give more information on the basic mechanisms 

of friction [23]. 

At the end of the 20th century, with the rapid development of nanoscience and technology, 

many mechanical phenomena and their mechanisms have developed from macroscale to 

nanoscale. Nano-tribology [77] has been well developed through theoretical, experimental, and 

simulation methods, such as atomic force microscopy [78], friction force microscopy test [79], 

optical microscope, scanning electron microscopy [80], and molecular dynamics (MD) 

simulation[14]. MD simulation method is an excellent tool to effectively study the friction 

mechanism in rotating carbon nanotube bearings [81], friction behavior between silica 

nanospheres [82], adhesion of epoxy-silica interface in the salt environment [83], etc. So far, in 
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nanoscale tribology, most previous studies have been performed on the nanoscale friction 

behavior of carbon [84], muscovite mica [78], nanocomposites [80], etc.  

On the other hand, in recent years, the nanoscale friction of soil minerals has been gradually 

studied. For example, Leng and Cummings [85] investigated the shear dynamics of hydration 

layers of the thickness of 0.6 ~ 2.44 nm confined between two mica surfaces via MD simulation. 

Xu et al. [86] studied the interfacial friction behavior of quartz under dry and wet states using 

MD simulation, concerning normal load, water lubrication, and surface orientation. The effects 

of normal load and sliding velocity on the nanoscale friction behavior of hydrated 

montmorillonite [14] and quartz-quartz/kaolinite interface [87] have been studied using MD 

simulation. Abbasi et al. [76] studied the nanoscale stick-slip behavior of hydrated Na-

montmorillonite considering the effect of hydrostatic stress and interlayer water through MD 

simulation, and found that the stick-slip effect was related to the structures of interlayer water. 

Furthermore, some previous studies reported that the water content could significantly affect 

the friction strength [19, 88] and mechanical strength [15, 76] of montmorillonite. Tetsuka et al. [19] 

showed that the friction coefficient declined with increasing water content through the biaxial 

friction test. Sakuma et al. [20] found that the friction coefficient of dry montmorillonite 

increased with the ionic radius of interlayer cations using density-functional-theory (DFT) 

calculations and shear experiments, and also discussed the relationship between molecular 

friction and macroscale friction [89, 90], as well as they proposed a central question: what degree 

the interlayer water is stable to act as a lubricant at depth.  

To sum up, some questions arose as follows: Does interlayer water in clay minerals play a 

role in lubrication or bonding? How much interlayer water is needed to stabilize the lubricant? 

Therefore, the effect of interlayer water molecules on the nanoscale friction mechanism of 

hydrated clay and its structural properties are still unclear. The nanoscale friction behavior of 

montmorillonite could help to understand the interaction and deformation mechanism between 

clay particles, and explain some friction phenomenon in macroscale, such as shear zone 

formation, slip mechanism, etc. 

This study aimed to probe the nanoscale friction behavior of different hydrated 

montmorillonites using steered molecular dynamics (SMD) simulations. The frictional 
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mechanism of hydrated montmorillonite and its structural properties of interlayer water were 

investigated. The obtained friction coefficient in this work was compared with previous studies. 

Subsequently, the SMD pulling was performed to study the effect of interlayer water molecules 

on the interaction between montmorillonite layers. 

3.2 Computational details 

3.2.1 System setup and force field 

The Wyoming-type montmorillonite model used here is derived from [91], and its structural 

formula of unit cell is Na0.75(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4·nH2O. The hydrated 

montmorillonite with water content of 0%, 5%, 10%, 15%, 20%, 25%, and 30% weight percent 

(the ratio between water mass and solid mass) were established, respectively. Moreover, the 

rigid SPC/E water model [56] was used to describe the interactions among hydrated 

montmorillonite. As shown in Figure 3-1(a), the supercell of 10% hydrated montmorillonite 

obtained from [92] was composed of 128 unit cells (8a × 4b × 4c), and the simulation box 

dimensions is 41.44 Å × 35.92 Å × 77.58 Å. In this work, the interparticle friction behavior of 

hydrated montmorillonite tactoid with interlayer water in microscale (see Figure 3-2) was 

investigated, where the interlayer water between montmorillonite sheets (less than four water 

layers, around 12 Å) was usually referred to bound water in soil. Because [93] reported that the 

thickness of bound water in individual Na-montmorillonite sheet containing two water layers 

was determined as about 6 Å using MD simulation. 

For steered molecular dynamics (SMD) friction along y-direction, it is noted that the vacuum 

along z-direction of 30 Å is set to avoid the interaction between the neighboring upper and 

lower boundary atoms of montmorillonite due to the periodicity of the z-direction (Figure 

3-1(a)). On the other hand, for SMD pulling along z-direction, the vacuum along z-direction for 

all hydrated cases is 70 Å (Figure 3-1(c)). The vacuum along z-direction of 30 Å for SMD 

friction and 70 Å for SMD pulling are both set in other hydrated montmorillonite systems.  

SMD simulation method was one of non-equilibrium molecular dynamics simulation, and its 

principle was based on Newton's laws of motion and the concept of force-induced structural 

changes. During SMD simulation, an external force or bias potential through a virtual spring 
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was continuously applied to selected atoms or groups of atoms in a system along a specific 

direction (e.g., x-/y-/z-direction, etc.), allowing the system to be driven along a desired reaction 

coordinate or pathway. Moreover, SMD method could allow to induce conformational changes 

in whole system and compute the potential of mean force (PMF) along the assumed reaction 

coordinate [50], so it was particularly useful for studying the response behavior of structural 

changes and mechanical properties caused by external forces. SMD method was different from 

the conventional MD simulation (namely equilibrium MD simulation), which was usually 

employed to investigate equilibrium properties and dynamics of systems at thermal equilibrium. 

At present, SMD method has been effectively used to investigate the friction mechanism of 

soil/rock minerals in microscale [14].  

As shown in Figure 3-1(b), the whole simulation model contains three kinds of layers: 

Boundary, Thermostat, and Newtonian layers, which each contain different atoms. 1) The lower 

boundary layer was fixed in their position during the whole simulation. The upper boundary 

layer was set as independent rigid body (i.e., a single entity), which could transfer the external 

loads on the clay-water system. Moreover, for SMD friction along y-direction, uniform normal 

load and a controlled sliding velocity via a virtual spring were applied in the upper boundary 

layer (Figure 3-1(a)). On the other hand, for SMD pulling along z-direction, a controlled pulling 

velocity via a virtual spring along the z-direction was applied in the upper boundary layer 

(Figure 3-1(c)). 2) The thermostat layer was set as a temperature-controlled layer to keep the 

whole system at a target temperature, so it was performed by Langevin thermostat and micro-

canonical (NVE) ensemble for this atoms group. 3) The Newtonian layer with NVE ensemble 

was free to move. The above simulation setting method was drawn from the method proposed 

in the literature [14, 94]. CLAYFF force field [52] used in this work, has been effectively applied 

to investigate the mechanical behavior of clay [15, 95] and the interatomic interaction of clay-

water system [16, 55].  
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Figure 3-1. Hydrated montmorillonite model with water content of 10% used in this 

work: (a) steered molecular dynamics (SMD) friction along y-direction; (b) 

Schematic illustration of clay particle-water structure and their layered setting; (c) 

SMD pulling along z-direction. This model contains three kinds of atoms: boundary 

atoms, thermostat atoms, and Newtonian atoms, where (1) lower boundary atoms - 

rigid and fixed the position; (2) upper boundary atoms - rigid and upon applied a 

normal load and a controlled sliding velocity via a virtual spring along the y-

direction for SMD friction, as well as rigid and a controlled pulling velocity via a 

virtual spring along the z-direction for SMD pulling; (3) thermostat atoms - 

temperature-controlled layers; (4) atoms - free to move. 

 

 

Figure 3-2. Schematic illustration of the multi-scale structure of bentonite or 

expensive soil. (This figure was revised from the reference [96]) 
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3.2.2 Relaxation and simulation details 

MD simulations were performed using LAMMPS code[50]. Three-dimensional periodic 

boundary conditions and the Verlet algorithm[97] for integrating motion equations, were applied 

in whole simulations. The cut-off radius for the van der Waals forces is 10 Å, and that for long-

range electrostatic interactions using the Ewald sum method [98] is 8.5 Å. The time step is 1.0 

fs in whole simulations.  

As shown in Table 3-1, to obtain a sufficient equilibrium configuration of montmorillonite-

water system, the MD simulation scheme contains the following steps. (1) Firstly, the energy 

minimization is applied to montmorillonite-water system using the conjugate gradient (CG) 

method. (2) The system was equilibrated with the micro-canonical (NVE) ensemble for 200 ps, 

followed by the canonical (NVT) ensemble for 200 ps, and then with the isothermal-isobaric 

(NPT) ensemble for 600 ps, respectively. The Nose-Hoover anisotropic thermostat and barostat 

were used to control the temperature and pressure, with a temperature of 300 K and pressure of 

1.0 atm. (3) The system was further equilibrated with NVE ensemble for 400 ps, where the 

temperature of thermostat atoms (yellow) in this system was controlled at 300 K by Langevin 

thermostat[99], and the upper boundary atoms (blue) was applied by normal load of 1 atm. (4) 

The different normal loads of 1 atm ~ 10 GPa were applied to the upper boundary atoms (blue) 

for 200 ps with NVE ensemble. (5) Based on the above steps, as shown in Figure 3-1(a), the 

steered molecular dynamics (SMD) friction along the y-direction ([0 1 0] crystal orientation) 

was performed for 200 ps, where a controlled sliding velocity of 0.0005 Å/fs via a virtual spring 

along the y-direction was applied to the upper boundary atoms (blue), so that the sliding distance 

of about 100 Å was obtained. (6) Based on step 2, the systems were further equilibrated with 

NVT ensemble at 300 K for 100 ps. (7) Based on step 6, the SMD pulling along the z-direction 

([0 0 1] crystal orientation) was conducted for 80 ps, as shown in Figure 3-1(b), where a 

controlled pulling velocity of 0.0005 Å/fs via a virtual spring along the z-direction was applied 

to the upper boundary atoms (blue), so that the pulling distance of about 40 Å was obtained. 

It was worth noting that the normal load ranging from 1 atm to 10 GPa was applied to 

investigate the normal load dependence in this wok, it was due to the typical high loads usually 
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reaching several GPa in nanoscale research, such as friction force microscale (FFM) [100], 

nanoindentation experiment [101, 102], and MD studies [87, 103]. [103] and [100] reported that the 

macroscopic pressure/stress was calculated by dividing the load by the nominal contact area 

(containing uncountable asperities), but the sliding of single-asperity contact (ultra-small 

contact area) was employed in FFM and MD simulation, causing easily reaching GPa level. 

Moreover, [104] also proposed that the order of magnitude of mechanical strength of clay was 

much different between nanoscale (GPa level) and macroscale (MPa level), where the claystone 

in macroscale contains some complex pores, interfaces, and mineral phases at different scales, 

which could significantly weaken the mechanical strength of soil sample. However, at 

nanoscale, the crystal structure of clay minerals in MD simulation or soil sample in 

nanoindentation experiment was more perfect, and did not contain the pores and cracks. On the 

other hand, the friction behavior under natural conditions (e.g., temperature of 20 ~ 200 ℃ and 

external load of a few hundred MPa) was also worth considering in the future. 

  

Table 3-1. MD simulations schemes for hydrated montmorillonite system. 

Step Equilibrium (Equi.) and steered molecular dynamics (SMD) process 

1 Minimize 

conjugate gradient (CG) algorithm: the energy of 1.0e-6 kcal/mol, the 

force of 1.0e-8 kcal•(mol•Å)-1, and the maximum number of iteration 

steps of 1000. 

2 Equi. 1 
(a) NVE, 200 ps ~ (b) NVT (300 K), 200 ps ~ (c) NPT (300 K, 1 atm), 

600 ps 

3 
Equi. 2 under normal 

load  

NVE + Langevin (300 K) + normal load of 1 atm, 400 ps 

4 
Equi. 3 under normal 

load 

NVE + Langevin (300 K) + different normal loads of 1 atm ~ 10 GPa, 

200 ps 

5 
SMD friction along y-

direction 

NVE + Langevin (300 K) + different normal loads of 1 atm ~ 10 GPa, 

SMD friction along y-direction with sliding velocity of 0.0005 Å/fs, 

200 ps 

(Total process: steps 1-2-3-4-5) 

6 
Equi. 4 without normal 

load 

NVE + Langevin (300 K), 100 ps 

(Note: this step is based on step 2, not step 5) 

7 
SMD puling along z-

direction 

NVE + Langevin (300 K), SMD puling along z-direction with pulling 

velocity of 0.0005 Å/fs, 80 ps 

(Total process: steps 1-2-6-7) 
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3.2.3 Model verification 

To verify the accuracy of the built model and applied force field, the basal spacing of different 

hydrated Na-montmorillonite in this MD work and previous studies are shown in Table 3-2, 

where the definition and partition of water layer (WL) corresponding to water content were 

drawn from previous research [105, 106]. As shown in Table 3-2, the basal spacing of hydrated Na-

montmorillonite increases with the rising water content, and its value in this MD work agrees 

well with other previous simulations and experiment results. It could be verified that these built 

hydrated montmorillonite systems in this work were accurate. 

 

Table 3-2. The basal spacing of different hydrated Na-montmorillonite. (uc: unit 

cell) 

Water content 

(%) 

water 

layer 

(WL) 

Results in 

this work 

(Å) 

Other simulation results (Å) Experiments (Å) 

0 0 WL 9.33 9.51 ~ 10.01[107, 108] 9.74[109]; 9.5[110]  

5 (2 H2O/uc) 1 WL 11.08 11.96[105]; 9.85[111]; 11.02 ~ 11.87[107] 11.61[109] 

10 (4 H2O/uc) 1 WL 11.84 

12.08[112]; 12.32[113]; 12.3[114]; 

12.2[107]; 12.0[111]; 12.65[115]; 12.16[16]; 

12.36[105]  

12.0 ~ 12.6[109, 116-

118]; 12[119] 

15 (6 H2O/uc) 2 WL 12.76 
13.44[105]; 13.64[111]; 12.52 ~ 

13.14[107] 
12.6 ~ 14.4[109] 

20 (8 H2O/uc) 2 WL 14.26 

15.28[112]; 14.96[113]; 15.3[114]; 

15.7[107]; 15.5[111]; 15.0[115]; 14.52[16]; 

14.96[105] 

14.92 ~ 15.42[109]; 

15.6[116]; 15.5[118]; 

15.55[110]; 15[119] 

25 (10 H2O/uc) 2 WL 15.15 15.98[105]; 15.4 ~ 16.35[107] 15.5[109] 

30 (12 H2O/uc) 3 WL 16.36 
18.77[112]; 17.07[113]; 18.7[107]; 

18.0[111]; 16.79[16]; 17.21[105] 

15.56[109]; 

15.8[120]; 18[119] 

 

3.3 Results and discussions 

Sections 3.3.1 and 3.3.2 present the results and discussions of SMD friction along the y-
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direction, studying the frictional mechanism of hydrated montmorillonite and its structural 

properties of interlayer water. Section 3.3.3 shows SMD pulling along the z-direction, focusing 

on the effect of interlayer water molecules on the interaction between montmorillonite layers. 

3.3.1 Effect of water content on frictional mechanism 

Figure 3-3 shows the evolution of friction load and PMF with sliding distance for 5% 

hydrated montmorillonite under different normal loads. As shown in Figure 3-3, the “stick-slip” 

effect [121] of montmorillonite was found in all cases, showing the periodic crenelated wave 

phenomenon of friction load at the sliding process. The higher the normal load, the higher the 

friction load and its wave amplitude, showing that the higher the stick-slip effect, which was 

consistent with the nanoscale friction behavior of quartz-quartz/kaolinite interface [87]. 

Moreover, As shown in Figure 3-4, the PMF linearly increases with the sliding distance, and 

the slope of PMF-sliding distance curve rises with increasing normal load, indicating that more 

energy is required during sliding at a higher normal load. 

 

 

Figure 3-3. Evolution of friction load with sliding distance for 5% hydrated 

montmorillonite under different normal loads. 
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Figure 3-4. Evolution of Potential of mean force (PMF) with sliding distance for 5% 

hydrated montmorillonite under different normal loads. 

 

Figure 3-5(a) shows the relationship of average friction load and water content under 

different normal loads, where the average friction load is equal to the mean value of friction 

load at sliding distance of latter 80 Å. At low normal load of 1 atm ~ 1 GPa, the average friction 

load decreased with the increasing water content of montmorillonite. However, at high normal 

load of 3 ~ 10 GPa, it is worth noting that two convex peaks are found in the average friction 

load-water content curve, corresponding to water content of 5% and 20%, where that of 5% is 

the greatest. This is a strange and interesting question: Does the interlayer water bond or 

lubricate at special condition? Sakuma et al. [20] also proposed that the interlayer water could 

act as a lubricant and reduce the shear strength of rock/soil, but a central question is: How much 

interlayer water is needed to stabilize the lubricant? Therefore, the friction mechanism of water 

content of 5% and 20% for hydrated montmorillonite were needed to be further investigated in 

the future. 

On the other hand, the relationship between ultimate PMF and water content is shown in 

Figure 3-5(b), where the ultimate PMF is obtained from the maximum value of PMF at a sliding 

distance of 100 Å. The evolution of ultimate PMF with water content is similar to that of 

average friction load. It indicates that the normal load plays an important role in the friction 
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behavior of montmorillonite, especially at a high normal load. 

 

    

      (a)                                                                 (b) 

Figure 3-5. Evolution of (a) average friction load and (b) ultimate Potential of mean 

force (PMF) with water content for hydrated montmorillonite under different 

normal loads. 

 

   

Figure 3-6. Relationship of shear stress and normal load and water content for 

different hydrated montmorillonites. 

 

As shown in Figure 3-6, the linear relationship between shear stress and normal load for 

different hydrated montmorillonite is found, which is consistent with previous works, such as 

the friction properties of the montmorillonite using MD simulation [14], muscovite mica using 

AFM [78] and graphene films using means of angle-resolved photoemission spectroscopy [122]. 

Moreover, Li et al. [123] found the linear relationship between the static friction load and the 
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normal pressure through theoretical derivation based on Prandlt-Tomlinson’s model [77]. 

Table 3-3 shows the evolution of friction coefficient with water content, and shear stress-

normal load curve in Figure 3-6. As shown in Table 3-3, the friction coefficient of 5% hydrated 

montmorillonite is the highest, and then the dry case, followed by that of 10 ~ 30%. This 

evolution of friction coefficient with water content could be likely related to the structure and 

form of interlayer water, which will be discussed in the next section. Furthermore,  Table 3-3 

collects the friction coefficients of hydrated montmorillonite in this study and those of the 

previous experiments and simulations. For microscale, the friction coefficient value in this MD 

work are consistent within an order of magnitude with previous research from MD simulation 

[14, 76], DFT [90], and AFM [124], indicating the accuracy of this established model and force field. 

The low friction coefficient of 0.058 ~ 0.17 also illustrated the weak friction properties of 

montmorillonite [17-19]. On the other hand, [90] proposed that the friction coefficient in microscale 

could not be directly compared to that in macroscale, because the friction coefficient in 

microscale was obtained based on the true contact area, which was different from that in 

macroscale. In general, the friction coefficient of clay minerals in macroscale was greater than 

that in microscale [90], which was also found in this work, shown in Table 3-3. 

 

 Table 3-3. Friction coefficient of hydrated montmorillonite (Mt) at room 

temperature (300 K) compared to previous experimental and simulation results. 

Materials Method 

Water 

content 

(%) 

Friction 

coefficient 

Internal 

friction 

angle (°) 

Note 

Scale  

Hydrated 

Na-Mt 

MD 

simulation 
0 ~ 30 

0.058 ~ 

0.17 
3.3 ~ 9.6 

In this work, at the sliding 

velocity of 0.0005 Å/fs and 

normal loads (1 atm ~ 10 

GPa), as well as room 

temperature. 

Nano-

/Micro

- scale 

Na-Mt [76] 
MD 

simulation 
10 ~ 40 

0.058 

(average) 
3.3 

At 300 K, normal stress of 

5 ~ 12.5 GPa, and a 

constant shear strain rate of 

2 × 109 s-1. 

Hydrated 

Na-Mt [14] 

MD 

simulation 

A water 

film with 

0.041 ~ 

0.074 
2.3 ~ 4.2 

At 300 K, sliding velocity 

of 0.0001 ~ 0.005 Å/fs, as 
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260 

water 

molecule

s 

well as normal loads (1 atm 

~ 25 GPa) 

Dry Mt [20] DFT 0 

0.22 (Na-

Mt), 0.27 

(K-Mt) 

12.4 (Na-

Mt), 15.1 

(K-Mt) 

- 

Pyrophyllite 

[90] 
DFT 0 0.078 4.5 - 

Mica [124] 

Atomic 

force 

microscop

y/lateral 

force 

microscop

y   

0 ~ 0.13 ~ 7.4 At 20 °C, RH 50% 

Na-Mt [124] 

Frictional 

sliding 

experimen

ts 

Dry and 

wet state 

0.100 ~ 

0.280 

(saturated)

, 0.45 ~ 

0.78 (dry) 

5.7 ~ 15.6 

(saturated)

, 24.2 ~ 

38.0 (dry) 

At room temperature and 

the range of normal stress 0 

~ 700 MPa 

Macros

cale 

Ca-smectite 

[73] 

double-

dire shear 

test 

 ~ 11% 
0.150 ~ 

0.320 
8.5 ~ 17.7 

At room temperature, room 

humidifies, and range of 

normal stress 5 ~ 45 MPa. 

Ca-Mt [88] 

Biaxial 

stress 

experimen

ts 

1.6 ~ 20 
0.02 ~ 

0.41 
1.1 ~ 22.3 

At normal stresses 100 

MPa and sliding velocities 

of 1–300 µm/s 

Na-Mt [19] 

 

Biaxial 

friction 

testing 

11 ± 1 ~ 

93 ± 7 

0.06 ~ 

0.33 
3.4 ~ 18.3 

At room temperature and 

normal stress of 10 MPa. 

Brine-

saturated 

Mt [20] 

Triaxial 

shear 

experimen

ts 

Brine-

saturated 

0.13 (Na-

Mt), 0.20 

(K-Mt) 

7.4 (Na-

Mt), 11.3 

(K-Mt) 

At effective normal stress 

of 40 MPa. 

 

Table 3-4 displays the cohesion of hydrated montmorillonite in this work and previous work, 
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which could represent the shear resistance of clay minerals. As shown in Table 3-4, the cohesion 

of dehydrated montmorillonite was greater than that in other hydrated cases, indicating that the 

interlayer water could reduce the shear resistance of hydrated montmorillonite. On the other 

hand, combined with some previous research [14, 76], the sliding velocity could significantly 

affect the cohesion in MD study, where the cohesion could significantly increase with rising 

sliding velocity. Moreover, the cohesion of muscovite mica also could be affected by different 

sliding paths [89]. 

The cohesion plays a crucial role in determining the frictional properties and behavior of clay 

minerals. As shown in Figure 3-7, Duque-Redondo et al. [125] and Wei et al. [14] proposed that 

the cohesion between clay mineral sheets may have two origins: the electrostatic interactions 

between the charged clay mineral sheets and the interlaminar cations; as well as the hydrogen-

bond network among water molecules and the clay mineral surface. The difference in the 

cohesion of hydrated montmorillonite between MD simulations and experimental studies arose 

from the inherent limitations, approximations, and scales of each approach. Moreover, 

experimental measurement of cohesion in hydrated montmorillonite was challenging, while the 

cohesion of hydrated montmorillonite in MD simulation referred to the cohesive forces between 

interlayer cation/water molecules and montmorillonite surface. On the other hand, Sakuma et 

al. [89] proposed that the cohesion did not originate from an adhesive force but rather from the 

roughness of the potential energy surfaces of sliding planes through DFT, which was the origin 

of molecular friction of minerals. It indicated that the effect of cohesion of clay minerals on 

various influential factors was complex, and should be investigated in the future. 
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(a)                                     (b) 

Figure 3-7. (a) The structure of Clay-Dye hybrid materials, where the interlayer 

water, cation, and dye molecules are between two clay layers. (b) The electrostatic 

interactions between the charged clay mineral sheets and the interlaminar cations 

and the hydrogen-bond network among water molecules and the clay mineral 

surface. [125] 

 

Table 3-4. Cohesion (c) of hydrated montmorillonite with different water contents 

in this work and previous work. 

Water 

content 

(%) 

Cohesion (GPa) 

Results of different 

hydrated 

montmorillonite in 

this work, sliding 

velocity is 0.0005 

Å/fs 

Results of hydrated 

montmorillonite with a water film 

under different sliding velocity 

from our previous MD work [14], 

where the sliding velocity values 

are in parentheses. 

Results of hydrated 

montmorillonite through a 

shear test with a constant 

shear strain rate of 2 × 10-6 

/fs using MD simulation. 

(Abbasi et al., 2020) 

0 1.15 0.387 (0.0001 Å/fs) 

2.1496 (0.001 Å/fs) 

6.2693 (0.003 Å/fs) 

8.323 (0.004 Å/fs) 

10.279 (0.005 Å/fs) 

0.026 ~ 0.346 

5 1.04 

10 0.92 

15 0.99 

20 1.00 

25 0.95 

30 0.93 
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3.3.2 Structural properties of interlayer water  

Figure 3-8 shows the density profile of oxygen atom in interlayer water molecule for hydrated 

montmorillonite under different states: the case after NPT equilibrium without normal load, as 

well as the cases after friction test under normal load of 1 atm and 5 GPa. As shown in Figure 

3-8(a) and (b), the density profile of oxygen atoms could slightly change, especially in the cases 

of low water content of 5 ~ 15%, where one peak changed into one higher peak and another 

one inapparent peak at 5% and 10 %, and unstable two peaks into two apparent and higher 

peaks at 15%. As shown in Figure 3-8(b) and (c), with the increasing normal load, the density 

value of the oxygen atom greatly increases, and the more apparent and stable peak of density is 

presented, especially for the 20% ~ 30% hydrated montmorillonite. It indicates that the normal 

load played an essential role in affecting the density profile of interlayer water molecules. 

To understand the interaction between interlayer water molecules and montmorillonite 

surface, the radial distribution function (RDF) of Ob-H2O atom pair are used to reflect their 

interaction and analyze the structure of crystals, liquids, and gases. There is usually a long-

range ordered structure for crystals, a short-range order and long-range disorder for liquids, or 

almost no structure for gases. As shown in Figure 3-9 and Figure 3-10(a), the first and second 

peak values of RDF decline with increasing water content, where the radius corresponding to 

the first peak is almost unchanged. On the other hand, at high normal loads of 8 and 10 GPa, 

Figure 3-9(e) and (f) show that the radius corresponding to the first peak in water content of 5% 

is greater than that of other cases. 

As shown in Figure 3-10(a) and Figure 3-9(a, b), the short-range order and long-

range disorder of RDFs are found. In Figure 3-9(c ~ f), with the increasing normal load, the 

long-range order is gradually presented in all cases, where the lower water content or higher 

normal load, the more obvious the order. It is worth noting that the order of RDF of 5% hydrated 

montmorillonite is the most obvious at normal load of 3 ~ 10 GPa.  

Additionally, as shown in Figure 3-11(a) ~ (c), the interlayer water molecules are all in the 

middle of the layer at normal load of 1 atm ~ 1 GPa. The interlayer water molecules gradually 

move towards the surface of the clay with increasing normal load at 3 ~ 10 GPa, as shown in 

Figure 3-11(d) ~ (g). Moreover, Table 3-5 shows the interlayer spacing of 5% hydrated 
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montmorillonite declining with increasing normal load, less than 3.3 Å at normal load of 3 ~ 

10 GPa, which is further close to that of 2.5 Å for dry montmorillonite. Thus, it could improve 

interlayer interactions between clay sheets. This could explain why the friction coefficient of 

5% hydrated system is the greatest at normal load of 3 ~ 10 GPa (Figure 3-6). Moreover, at the 

same water content, the higher the normal load, the greater the first and second peak value of 

RDF, illustrating that the probability of interlayer water molecules around oxygen atom in clay 

surface increases at higher normal load. 

 

 

Figure 3-8. Density profile of oxygen atom in interlayer water molecule for 

different hydrated montmorillonite under different states: (a) after NPT equilibrium 

without normal load; after friction test under normal load of (b) 1 atm and (c) 5 

GPa. Moreover, the right graphs show the distribution of oxygen atoms in interlayer 

water molecules, where Ob atom (yellow) is the oxygen in the surface of clay, and 

Ow (red) is the oxygen in the interlayer water molecules. Other atoms in 

montmorillonite-water system are hidden for a clearer view. 
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Figure 3-9. RDF of Ob-H2O for different hydrated montmorillonites under different 

states: after friction test under normal load of (a) 1 atm, (b) 1GPa, (c) 3 GPa, (d) 5 

GPa, (e) 8 GPa, and (f) 10 GPa.  
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Figure 3-10. (a) RDF of Ob-H2O for different hydrated montmorillonites under 

different states: after NPT equilibrium without normal load. Moreover, (b) the graph 

shows the Ob atom and water molecule. 

 

 

Figure 3-11. The distribution of oxygen atom in interlayer water molecule for 5% 

hydrated montmorillonite under different states: (a) after NPT equilibrium without 

normal load; (b) ~ (g) after friction test under normal load of 1 atm ~ 10 GPa, where 

Ob atom (yellow) is the oxygen in the clay surface, and Ow (red) is the oxygen in 

the interlayer water molecules. 

 

Table 3-5. Evolution of interlayer spacing of 5% hydrated montmorillonite with 

normal load. 

Normal load (GPa) Interlayer spacing (Å) 

0 4.98 

0.0001 4.93 

1 4.2 
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3 3.3 

5 2.83 

8 2.7 

10 2.6 

 

The pore water pressure is usually a key component in assessing the Terzaghi effective 

normal stress, which generally controls interparticle friction in rock/soil materials. In this MD 

simulation, the interlayer water pressure in hydrated montmorillonite system was similar to 

confined water, so it could not be directly regarded as the pore water pressure in macroscale 

soil sample (see Figure 3-2). It was mainly due to the different scales, as well as forms and 

states of existence between them. However, the interlayer water pressure was still used to 

analyze the stress state of interlayer water during friction.  

Figure 3-12 and Table 3-6 display the interlayer water pressure along different directions of 

5% hydrated montmorillonite, which could be calculated by Eqs.(3-1 ~ 3-3). Note that the pore 

water pressure in macroscale soil-water sample was the same in all directions, but there were 

various stress tensors along different directions for water molecules in MD simulation. 

Moreover, in this work, the interlayer water pressure might have two origins: (1) from water 

itself, as well as (2) from clay and applied normal load, where the interlayer water could 

withstand the external load. Figure 3-12(d) and Table 3-6 show that the overall interlayer water 

pressure increases with rising normal load. It illustrated that the higher the external normal load, 

the lower the interlayer spacing, and the higher the interlayer water pressure. 

The stress tensor for atom i (𝑆𝑎𝑏) is given by the following formula, where a and b take on 

values x, y, z to generate the components of the tensor, where the tensor for each atom is 

symmetric with 6 components, such as xx, yy, zz, xy, xz, and yz. In this MD work, the interlayer 

water pressure (u) in hydrated montmorillonite is equal to the sum of the stress tensor of three 

main directions (i.e., xx, yy, zz-direction) of interlayer water molecules, and is calculated by the 

following equations.  

                                        𝑢 =  
𝑆𝑎𝑏

𝑉𝑖
= 

𝑆𝑥𝑥+ 𝑆𝑦𝑦+ 𝑆𝑧𝑧

3𝑉𝑖
                                             (3-1) 

                                        𝑆𝑎𝑏 = −𝑚𝑣𝑎𝑣𝑏 − 𝑊𝑎𝑏                                              (3-2) 
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𝑊𝑎𝑏 =
1

2
∑ (𝑟1𝑎

𝐹1𝑏
+ 𝑟2𝑎

𝐹2𝑏
)

𝑁𝑝

𝑛=1
+

1

2
∑ (𝑟1𝑎

𝐹1𝑏
+ 𝑟2𝑎

𝐹2𝑏
)

𝑁𝑏

𝑛=1

+
1

3
∑ (𝑟1𝑎

𝐹1𝑏
+ 𝑟2𝑎

𝐹2𝑏
+ 𝑟3𝑎

𝐹3𝑏
)

𝑁𝑎

𝑛=1
+

1

4
∑ (𝑟1𝑎

𝐹1𝑏
+ 𝑟2𝑎

𝐹2𝑏
+ 𝑟3𝑎

𝐹3𝑏
+ 𝑟4𝑎

𝐹4𝑏
)

𝑁𝑑

𝑛=1

+
1

4
∑ (𝑟1𝑎

𝐹1𝑏
+ 𝑟2𝑎

𝐹2𝑏
+ 𝑟3𝑎

𝐹3𝑏
+ 𝑟4𝑎

𝐹4𝑏
)

𝑁𝑖

𝑛=1
+ Kspace(𝑟𝑖𝑎 , 𝐹𝑖𝑏) + ∑ 𝑟𝑖𝑎𝐹𝑖𝑏

𝑁𝑓

𝑛=1

         (3-3) 

where −𝑚𝑣𝑎𝑣𝑏 is a kinetic energy contribution for atom i, and 𝑊𝑎𝑏 is the virial contribution 

due to intra and intermolecular interactions. For more details, please refer to the "compute 

stress/atom" command explanation in LAMMPS [50]. 

 

 

Figure 3-12. Interlayer water pressure along different directions (i.e., (a) xx-

direction, (b) yy-direction, (c) zz-direction, and (d) overall-direction) of 5% hydrated 

montmorillonite at different normal loads, where interlayer water pressure (u) in 

overall direction is the arithmetic mean of three directions (i.e., xx, yy, zz-direction). 

 

Table 3-6. Interlayer water pressure along different directions of 5% hydrated 

montmorillonite at different normal loads, where interlayer water pressure (u) in 

overall direction is the arithmetic mean of three directions (i.e., xx, yy, zz-direction). 

Normal load 

(GPa) From water itself 

From Mt and 

normal load Total  Direction 

0.0001 -0.185  0.153  -0.032  xx-direction 
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1 -0.270  0.090  -0.180  

3 -0.395  -0.613  -1.007  

5 -0.169  -3.721  -3.890  

8 -0.242  -6.086  -6.328  

10 -0.316  -7.003  -7.319  

0.0001 -0.127  0.260  0.133  

yy-direction 

1 -0.122  0.120  -0.003  

3 -0.081  -0.547  -0.629  

5 -0.066  -4.013  -4.079  

8 -0.175  -6.583  -6.758  

10 -0.167  -7.446  -7.613  

0.0001 -0.005  0.033  0.028  

zz-direction 

1 0.002  -0.424  -0.423  

3 -0.059  -1.646  -1.705  

5 -0.254  -3.207  -3.462  

8 -0.276  -4.420  -4.696  

10 -0.298  -5.376  -5.675  

0.0001 -0.106  0.149  0.043  

overall-direction 

1 -0.130  -0.072  -0.202  

3 -0.178  -0.935  -1.114  

5 -0.163  -3.647  -3.810  

8 -0.231  -5.696  -5.927  

10 -0.260  -6.609  -6.869  

 

3.3.3 Effect of interlayer water on the interaction between montmorillonite layers 

To understand the effect of interlayer water molecules on the interaction between 

montmorillonite layers, Table 3-7 shows the pairwise interaction energy and force between the 

first and second clay layers (Figure 3-1(b)) before SMD pulling. The absolute value of pairwise 

interaction energy reduced gradually with increasing water content. However, it is noted that 

the total pairwise interaction force at 5% hydration was the highest, which might explain why 

the friction coefficient of 5% hydrated montmorillonite is the highest. 

Thereafter, SMD puling along z-direction of montmorillonite was conducted. The evolution 

of z-pulling force with z-displacement is shown in Figure 3-13(a), where the z-maximum pulling 
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force decreases significantly with increasing water content in ranging of 0 ~ 10%; while slightly 

declines for water content of 10 ~ 30% (Figure 3-13(b)). It indicates that water molecules in the 

interlayer spacing of montmorillonite reduce significantly the interaction of up and down layers, 

which is why z-maximum pulling force of dry montmorillonite is greatly higher than hydrated 

ones. With the increasing water content, the basal spacing of montmorillonite constantly rose, 

causing further reduction in the non-bonded interaction between montmorillonite layer. 

 

  

Figure 3-13. Relationship of (a) z-pulling force and z-displacement, and (b) z-

maximum pulling force and water content during SMD pulling process. Moreover, 

(c) the structure of 30% hydrated montmorillonite at different pulling distance. 

 

Table 3-7. Pairwise interaction energy and its force between the first and second 

clay layers before SMD pulling, where pairwise interaction force in overall 

direction is the square mean of the other three directions (i.e., x, y, z-direction). 

Water 

content 

(%) 

Pairwise 

interaction energy 

(kcal/mol) 

Pairwise interaction force (nN) 

x-direction y-direction z-direction 

Overall-

direction 

0 -422.289  0.621  -4.105  1.439  1.465  
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5 -209.629  0.235  -0.391  -11.945  3.984  

10 -30.475  0.033  -0.027  -2.236  0.746  

15 -28.570  -0.148  0.022  -2.131  0.712  

20 -11.331  -0.028  0.008  -1.157  0.386  

25 -6.761  -0.005  -0.021  -0.771  0.257  

30 -7.028  0.005  -0.019  -0.767  0.256  

 

3.4 Conclusions 

The nanoscale friction properties of various hydrated montmorillonites have been studied 

using molecular dynamics simulations, considering the coupling effect of water content and 

normal load. This work may provide an insight into the friction behavior of hydrated clay. The 

conclusions are as follows: 

(1) At the same water content, the friction load and its wave amplitude, as well as the 

Potential of mean force (PMF) value, increased with the increasing normal load, indicating that 

more energy was required to slide at higher normal load. On the other hand, the friction 

coefficient of 0.058 ~ 0.17 for hydrated montmorillonite with water content of 0 ~ 30% is 

consistent with the previous experimental and simulation studies, and further illustrates the 

weak friction properties of montmorillonite. 

(2) At low normal load of 1 atm ~ 1 GPa, the higher the water content, the lower the average 

friction load and ultimate PMF of montmorillonite. However, at high normal load of 3 ~ 10 

GPa, the friction coefficient of 5% hydrated montmorillonite is the highest, compared to the 

dry state and other higher water content. 

(3) With the increasing normal load, the redistribution of interlayer water was developed, 

showing more apparent and stable peak of density. On the other hand, the long-range order of 

RDFs of Ob-H2O is more obvious at the lower water content and higher normal load; while the 

short-range order and long-range disorder of RDFs are found at low normal load. 

(4) The interlayer water could significantly reduce the interaction between montmorillonite 

layers, especially the system changes from a dry state to a hydrated state. Moreover, the basal 

spacing of montmorillonite constantly increased with water content, resulting in decreasing the 

non-bonded interaction between montmorillonite layer. 
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(5) There are some interesting questions: a) Why is there a stick-slip effect during the shear 

or friction process of materials? b) Does interlayer water in clay minerals play a role in 

lubrication or bonding? c) How much interlayer water is needed to stabilize the lubricant? For 

example, the friction mechanism of water content of 5% and 20% for hydrated montmorillonite 

was worth further investigating in the future. 
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Chapter 4. Nanoscale Friction at the Quartz-Quartz and Quartz-Clay 

Interface II 

 

Abstract 

The nanoscale friction behavior of quartz-quartz, quartz-kaolinite, and quartz-

montmorillonite interfaces is investigated through Molecular Dynamics simulations. The 

effects of normal load, sliding velocity, temperature, and hydration on the friction behavior are 

discussed, and the friction mechanism of quartz-quartz and quartz-clay interface is revealed. 

The friction coefficients of all systems at different cases are obtained and compared with other 

experimental results for validation. The simulation results show that the stick-slip effect in all 

interfaces was found during the friction process, where the higher the sliding velocity and 

hydration, or the lower the normal load, the weaker the stick-slip effect. The friction load 

increased with the rising normal load, and the relationship between shear stress and normal load 

was approximately linear. The friction coefficient and cohesion of the quartz-quartz interface 

could rise with the increasing sliding velocity or the decreasing temperature. The higher the 

radius of cation, the lower the friction coefficient, and the higher the cohesion. Moreover, the 

friction coefficient of quartz-kaolinite was significantly smaller than that of quartz-quartz, 

indicating that the presence of clay could weaken the frictional strength of quartz. The effect of 

the interlayer water film on friction behavior was rather complex, showing the lubricating or 

bonding role, which has been discussed and analyzed in the present study.  

Keywords:  Quartz; Kaolinite; Montmorillonite; Molecule dynamics; Nanoscale friction; 

Interface.       

                                                 

II This chapter is based on the following paper: Wei P, Xiong Y., Zheng Y, Zaoui, A, Yin Z., and Niu W. Nanoscale 

friction at the quartz-quartz/kaolinite interface. Colloids and Surfaces A: Physicochemical and Engineering 

Aspects, 676: 132296.http://doi.org/10.1016/j.colsurfa.2023.132296. 
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4.1 Introduction 

Quartz is the main component of igneous, metamorphic, and sedimentary rocks[126], and a 

better understanding of its mechanical properties is certainly essential for rock engineering. The 

shear failure process of rock subjected to shear stress could be regarded as the sliding friction 

process of rock particles, where the interface friction behavior of rock relates significantly to 

understanding the fault instability and failure in fault zones[127], geotechnical engineering 

disasters [128], regional seismic dynamics[129], mechanism of rock failure under earthquake[130], 

etc. For example, quartz particles could be used as a proppant in hydraulic fracturing in oil 

recovery and mining, and its studies on friction law help understand the motion mechanism of 

the particles in hydraulic fracturing[131]. Regarding seismic dynamics, the friction 

characteristics of fault materials could control the mechanism of earthquake nucleation. Thus, 

the friction studies of quartz and feldspar minerals under different environmental conditions 

could reveal the mechanism controlling the transition depth under the seismogenic zone[130], 

and explain the weakening mechanism of quartz rock under sub-seismic conditions[132]. 

So far, quartz's friction characteristic has been studied through experimental and theoretical 

derivation methods. In terms of the theoretical derivation field, Barthélémy et al.[133] established 

a theoretical framework and functions using the mean value technique, and then estimated the 

friction coefficient of quartz and clay mixed gouge. Aharonov et al.[134] proposed a theoretical 

model, and found that the sliding velocity and temperature played an essential role in the friction 

behavior of rock. Hu et al.[135] reported the temperature and pore pressure related significantly 

to the friction coefficient of rock. On the other hand, in terms of experimental tests, Fall et al.[129] 

studied the friction behavior of sand under dry and wet conditions, and found that the friction 

coefficient was closely related to the shear modulus. Kasyap et al.[136] studied the influence of 

coupling contact time and loading rate on the interface behavior of quartz grains using interface 

micromechanics experiments, and reported that its average friction coefficient was 0.21. Zhang 

et al.[137] illustrated that the friction coefficient of quartz sand increased with increasing normal 

load. Yang et al.[131] discussed the effects of water absorption and surface layer stripping on 

friction properties of quartz sand through self-made experimental equipment. Kanagawa et 

al.[132] reported that the temperature controlled the friction strength of quartz rock under sub-
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seismic slip velocity. The studies mentioned above indicate that the friction properties of quartz 

are very complex and are affected by many environmental factors, such as the normal load, pore 

pressure, sliding velocity, temperature, hydration, surface defects and stiffness, etc. 

Furthermore, Tembe et al.[74] explored the friction behavior between quartz and clay minerals 

(containing montmorillonite and illite) using a conventional triaxial shear test, and reported that 

the friction coefficient of quartz-clay interface decreased with the increase of clay content. Thus, 

the friction between different material substrates is also worth concern. 

In addition, with the rapid development of nanoscience and technology at the end of the 20th  

century, numerous mechanical phenomena and their mechanism have been explored from 

macroscale to nanoscale. The development and contribution of nano-tribology[77] are critical in 

the field of tribology, because more basic mechanisms of friction exist at nanoscale[23]. Plenty 

of experimental and simulation methods have been well developed in nano-tribology, such as 

atomic force microscopy[78], friction Force Microscopy[79], optical microscope and Scanning 

Electron Microscopy (SEM)[80], molecular dynamic (MD) simulation method[14], etc. In nano-

tribology, lots of works focused on the friction behavior of graphene[138], carbon[84], muscovite 

mica[78], nanocomposites[80], etc. Recently, the nanoscale friction behavior of clay and silica 

was starting to get more attention using MD simulation[14, 20, 86]. At present, the interface friction 

behavior of quartz particles in experiment test is still limited to the millimeter level, which 

shows that the nanoscale friction behavior of quartz or quartz-clay mixture interface remains 

still unclear. 

In this work, MD simulation method is performed to study the nanoscale friction behavior of 

quartz, considering the normal load, sliding velocity, temperature, and hydration. Moreover, the 

friction properties of quartz-kaolinite and quartz-montmorillonite interface is also discussed, to 

explore the effect of substrate on friction behavior. This work could give an insight into the 

nanoscale friction behavior of quartz and quartz-clay, which is to extend the friction properties 

of quartz from macroscopic scale to nanoscale. Furthermore, the friction coefficient and 

cohesion are obtained by derivation, which could provide a reference for critical parameter 

input in discrete element simulation. 
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4.2 Computational details 

4.2.1 System setup and force field 

The unit cell of quartz crystal was derived from the model of Levien et al.[139], and its 

supercell (10a × 7b × 4c) of 49.16 × 34.412 × 21.6216 Å3 was established as the sliding block 

in whole work, and its another supercell (22a × 19b × 4c) of 108.152 × 93.404 × 21.6216 Å3 as 

the substrate, as shown in Figure 4-1(c). Based on the previous experimental findings[140, 141], 

as shown in Figure 4-1(a), a hydroxyl group is assigned on each surface Si atom in quartz 

(hydrated form: ≡Si-OH), and it is the most probable form on the fully hydroxylated silica 

surface[142]. On the other hand, the model of kaolinite used in this work was derived from Bish 

and his co-workers[143], and its supercell (21a × 10b × 3c) of 108.213 × 89.42 × 22.173 Å3 was 

established as another substrate, as shown in Figure 4-1(d). Moreover, Figure 4-1(a) shows the 

interlayer water film with a density of around 1 g/cm3, which is obtained and relaxed in 

LAMMPS[144], and described by the flexible SPC water model[145]. The initial thickness of the 

interlayer water film containing 435 water molecules was about 6.6 Å. Figure 4-1(c) and (d) 

display the four cases used in this work, such as quartz-quartz, quartz-water-quartz, quartz-

kaolinite, and quartz-water-kaolinite, where the contact surface of quartz is its (001) crystal 

plane, and that of kaolinite is the hydroxy-hydrogen plane. Furthermore, the vacuum of over 50 

Å in the above four cases was used to avoid the interaction between the neighboring upper and 

lower boundary atoms of the whole system due to the periodicity of the z-direction. 

As shown in Figure 4-1(a), the above four simulation systems contain three kinds of atoms: 

boundary atoms (orange), thermostat atoms (blue), and Newtonian atoms (colored). 1) The 

lower and upper boundary atoms (orange) were set as rigid bodies, where the lower boundary 

atoms was fixed in their position during the whole simulation, and the upper boundary atoms 

transferred the external normal loads on the whole system. 2) The thermostat atoms (blue) was 

set as a temperature-controlled layer to keep the whole system at a target temperature. 3) The 

Newtonian atoms (colored) was free to move. The above simulation setting method was similar 

to the previous literature [14], which studied the nanoscale friction behavior of clay-water system 

in steered molecular dynamics (SMD) simulation. CLAYFF force field[52] has been effectively 

used for clay minerals[55, 95] and quartz-water system[146, 147] in MD simulation, so it is employed 
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in this work. Furthermore, the building way of quartz-montmorillonite interface is similar to 

the quartz-quartz and quartz-kaolinite interface, as shown in Figure 4-2. 

 

 

Figure 4-1. (a) The quartz-water-kaolinite interface used in this work under steered 

molecular dynamics (SMD) friction along x-direction. This model contains three 

kinds of atoms: boundary atoms (orange), thermostat atoms (blue), and Newtonian 

atoms (colored), where (1) lower boundary atoms (orange) - rigid and fixed 

position; (2) upper boundary atoms (orange) - rigid and upon applied a normal load 

and a controlled sliding velocity via a virtual spring along the x-direction for SMD 

friction; (3) thermostat atoms (blue) - temperature-controlled layers; (4) atoms 

(colored) - free to move. (b) Unit cell of kaolinite and quartz. (c), (d) the four cases 

used in this work for SMD friction along x-direction, such as quartz-quartz, quartz-

water-quartz, quartz-kaolinite, and quartz-water-kaolinite. 

 

 

Figure 4-2.  Ca-montmorillonite-quartz model used in this work: (a) one quartz 
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portion with two montmorillonite films placed in the bottom of the simulation box. 

(b) simulation box in other three angle of view: top, front and perspective. (c) 

purple portions are rigid in all directions but up1can move in z-direction when 

subjected to a normal force, pink layers are used to control temperature. The system 

operates functionally under normal stress and horizontal spring forces acting on the 

up1 layer. 

 

Table 4-1. Lennard-Jones parameters of quartz-water-kaolinite system applied in 

this work.  

Species Symbol Charge (e) ε (kcal/mol) σ (Å) Ref. 

water hydrogen (SPC) Hw 0.41     a 

water oxygen (SPC) Ow -0.82 0.1554 3.1655 a 

hydroxyl hydrogen Ho 0.425     b  

hydroxyl oxygen Oh -0.95 0.1554 3.1655 b 

bridging oxygen Ob -1.05 0.1554 3.1655 b  

tetrahedral silicon Si 2.1 1.8405×10-6 3.3020 b  

octahedral aluminum Al 1.575 1.3298×10-6 4.2713 b  

a:[145]; b:[52]. 

4.2.2 Simulation details 

MD simulations were performed with LAMMPS code[144]. The Ewald’s[148] summation 

method with an accuracy of 1.0e-4 kcal/mol was applied for the long-range electrostatic 

interactions, and the Velocity Verlet algorithm[97] was used for integrating the motion equations. 

Periodic boundary condition was used in three directions of the whole system; while the vacuum 

of over 50 Å in z-direction was equivalent to two-dimensional (x, y) periodicity. The cut-off 

radius was set as 10 Å, and the time step was 1.0 fs in whole simulations. 

The four cases mentioned above were equilibrated according to the following steps. 1) To 

release all freedom degrees of the system, the conjugate gradient algorithm was conducted for 

energy minimization. 2) The thermostat atoms (blue) and Newtonian atoms (colored) were 

equilibrated with micro-canonical (NVE) ensemble for 200 ps, where the boundary atoms 

(orange) were without ensemble and set as rigid in whole simulations. 3) Thereafter, the 

temperature of thermostat atoms (blue) was controlled in canonical (NVT) ensemble for 200 

ps, and then transferred to the Newtonian atoms (colored), to ensure the temperature of 
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Newtonian atoms (colored) fluctuated around the target temperature. 4) The different normal 

loads of 0 ~ 7 GPa were further applied to the upper boundary atoms (orange) for 200 ps, where 

the setting method of the ensemble remained unchanged. 5) After relaxation for all systems, to 

explore the effect of normal load on friction behavior of quartz-quartz interface, the upper 

boundary atoms (orange) was applied by a controlled sliding velocity of 100 m/s (0.001 Å/fs) 

via a virtual spring along the x-direction for SMD friction under different normal loads of 0 ~ 

7 GPa (Figure 4-1) at 300 K, where the stiffness coefficient of virtual spring was 200 

kcal/mol/Å2 (about 139 N/m). 6) To understand the effect of sliding velocity on friction behavior, 

the sliding velocity of 10, 50, 100, 150, and 200 m/s were considered for SMD friction, and the 

normal load was set as 5 GPa. 7) Moreover, the different temperatures of 200, 300, and 400 K 

were performed, where the sliding velocity was 100 m/s. 8) Thereafter, the friction behavior of 

quartz-kaolinite, quart-water-quartz, and quartz-water-kaolinite interfaces was studied to 

understand the effect of different substrate materials and hydrated conditions. It was noted that 

a sliding distance of about 100 Å was obtained for all the above simulations.  

Similarly, the simulation schemes for quartz-montmorillonite system is shown in Table 4-3. 

 

Table 4-2. MD simulations schemes for quartz-quartz/kaolinite systems in this 

work. 

Step Equilibrium (Equi.) and steered molecular dynamics (SMD) process 

1 Minimize 

Conjugate gradient (CG) algorithm: the energy of 1.0e-14, the force 

of 1.0e-12 kcal•(mol•Å)-1, and the maximum number of iteration 

steps of 1000. 

2 Equi.1 Thermostat atoms (blue) and Newtonian atoms: NVE, 200 ps 

3 Equi.2  Thermostat atoms (blue): NVT + Newtonian atoms: NVE, 200 ps 

4 Equi.3 under normal load 
Thermostat atoms (blue): NVT + Newtonian atoms: NVE + under 

different normal loads of 0 ~ 7 GPa, 200 ps 

5 SMD friction along x-

direction for quartz-quartz 

interface 

(Thermostat atoms (blue): 

NVT + Newtonian atoms: 

NVE) 

Effect of normal load on friction behavior: sliding velocity of 100 

m/s, 100 ps; under different normal loads of 0 ~ 7 GPa and 300 K. 

6 

Effect of sliding velocity on friction behavior: sliding velocity of 

10 ~ 200 m/s, 50 ~ 1000 ps (ensuring the sliding distance of about 

100 Å); under normal loads of 5 GPa and 300 K. 

7 
Effect of temperature on friction behavior: sliding velocity of 100 

m/s, 100 ps; under normal loads of 0 ~ 7 GPa and 200 ~ 400 K. 
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8 

SMD friction along x-

direction for quartz-water-

quartz, quartz-kaolinite, 

and quartz-water-kaolinite 

interfaces 

Effect of different substrate materials and hydrated condition: 

sliding velocity of 100 m/s, 100 ps; 

Thermostat atoms (blue): NVT + Newtonian atoms: NVE + under 

different normal loads of 0 ~ 7 GPa and 300 K.  

 

Table 4-3. MD simulation schemes for quartz-montmorillonite system 

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 (300K), different 

normal loads: 1 GPa ~8 GPa, relaxation for 400 ps 

4 
SMD friction 

simulation 

NVT ensemble, Langevin temperature control (300K), different 

normal loads: 1 GPa ~ 8 GPa, Conduct SMD friction simulation 

along the y-direction, with a sliding speed of 50 m/s and a 

simulation time of 200 ps 

4.3 Results and discussions 

Section 4.3.1 mainly discusses the friction behavior of quartz-quartz interface, where 4.3.1.1 

shows the fluctuation regulation of the virtual spring force for a single block of quartz and the 

friction load of quartz-quartz interface. Sections 4.3.1.2, 4.3.1.3, and 4.3.1.4 show the effect of 

normal load, sliding velocity, and temperature on the friction behavior of quartz-quartz interface, 

respectively. Sections 4.3.2 and 4.3.3 consider the case of the different substrate materials and 

hydrated conditions for quartz-water-quartz, quartz-kaolinite, and quartz-water-kaolinite 

interfaces. Section 4.3.4 shows the stick-slip effect and relationship of shear stress and normal 

load. Section 4.3.5 introduces the effect of interlayer cation on friction behavior between quartz-

montmorillonite interface. 

4.3.1 Friction behavior of quartz-quartz interface 

4.3.1.1 Fluctuation regulation of virtual spring force and friction load 

To understand the fluctuation regulation of virtual spring force and friction load of quartz, 

two different cases were considered in this work. The evolution of virtual spring force/friction 

load with sliding distance for a single block of quartz, and quartz-quartz (containing sliding 
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block and substrate) are shown in Figure 4-3. 

 

 

Figure 4-3. (a) Evolution of virtual spring force with sliding distance for a single 

block of quartz at sliding velocity of 10 m/s and 100 m/s, as well as normal load of 

0 GPa. (b) Evolution of friction load with sliding distance for quartz-quartz 

interface (containing sliding block and substrate) at sliding velocity of 10 m/s and 

normal load of 5 GPa. The temperature is fixed at 300 K. 

 

To test the effect of spring tension on the sliding block, in the absence of substrate, Figure 

4-3(a) shows the virtual spring force of a single sliding block of quartz without a substrate 

system at the sliding velocity of 10 and 100 m/s, which fluctuates around 0, and their average 

value is close to 0. Furthermore, Figure 4-3(b) shows the relationship between friction load and 

sliding distance for quartz-quartz at a sliding velocity of 10 m/s and a normal load of 5 GPa, 

where the friction load periodically fluctuated around a stable value (around 17.0 nN), showing 

the stick-slip effect[149]. Therefore, it could verify that the average value of virtual spring force 

could be used to reflect the average friction load. The average friction load was used to calculate 
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the shear stress in this work (equation (2-15)), and then the relationship between shear stress 

and normal load was obtained. 

As shown in Figure 4-3(b), the distance of two wave peaks is about 4.9 Å, which is close to 

the crystal lattice constant (4.916 Å) in the x-direction of quartz. This phenomenon was also 

found at nanoscale friction of clay in MD simulation[14] and graphite in AFM[149].  

4.3.1.2 Effect of normal load on friction behavior 

Figure 4-4(a) displays the evolution of friction load with sliding distance, illustrating that the 

higher the normal load, the higher the friction load. The increment of normal load could affect 

the periodic variation regulation of friction load, because the interaction between the sliding 

block and substrate was derived from the intermolecular forces and the normal load applied on 

the sliding block. The sliding block adhered more closely to the substrate at a higher normal 

load, causing that lower interlayer spacing and higher intermolecular interaction. Thus, the 

friction load increased with the increasing normal load. 

Figure 4-4(b) shows the relationship between shear stress and normal load, where the shear 

stress is obtained from the average friction load divided by the shear area (equation (2-15)). The 

linear relationship between shear stress and normal load was found, where the friction 

coefficient (i.e., the slope of curve) is 0.27. This value was slightly greater than the previous 

experimental results, which reported a friction coefficient of 0.21 for quartz particles [136] and a 

kinetic friction coefficient of 0.093 ~ 0.231 for quartz sand[150]. The dimension of quartz 

particles used for the microscale experiment was usually micron scale, and the quartz sample 

in the experiment was constituted of its major mineral quartz, inter-grain cement, and pores[151]. 

However, the crystalline quartz structure in nanoscale was perfect, and did not contains the 

inter-grain cement and pores. Consequently, the friction coefficient of quartz in MD simulation 

was slightly superior to that in the microscale experiment. 

Based on the atomic simulation method, Duque-Redondo et al.[125] proposed that the cohesion 

of clay-water system was derived from the hydrogen-bond interaction between water molecules 

and clay surface, and the electrostatic interaction between clay and interlayer cations. For dry 

quartz-quartz interface without water molecules and interlayer cations, the van der Waals and 

coulomb electrostatic interaction between sliding block and substrate provided mainly the 
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cohesion of dry quartz-quartz interface. Thus, as shown in Figure 4-4(b), the cohesion of dry 

quartz-quartz interface is 0.223 GPa. However, as is well known, the cohesion of dry quartz 

sand is zero at macroscale, which is because macroscale friction mechanism does not consider 

the van der Waals and coulomb electrostatic interaction. Therefore, the friction mechanism at 

nanoscale is different from that in macroscale. 

 

       

        (a)                                                                            (b) 

Figure 4-4. (a) Evolution of friction load with sliding distance for quratz-quartz 

interface under different normal loads; (b) Evolution of shear stress with normal 

load. The sliding velocity is 100 m/s. 

 

4.3.1.3 Effect of sliding velocity on friction behavior 

Figure 4-5(a) shows the evolution of friction load with sliding distance for quratz-quartz 

interface at sliding velocities of 50, 100, and 200 m/s. The fluctuation amplitude of friction load 

reduced with the increasing sliding velocity; this phenomenon was also found in previous 

research for nanoscale friction of clay[14]. In addition, as shown in Figure 4-5(b), the average 

friction load increased with rising sliding velocity, because the more sliding distance of atomic 

transition within the same time at the higher velocity, the higher force was required to overcome 

more interlaminar energy[14].  
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    (a)                                                                               (b) 

Figure 4-5. (a) Evolution of friction load with sliding distance for quartz-quartz 

interface under different sliding velocities; (b) Evolution of average friction load 

with sliding velocity. The normal load here is 5 GPa. 

 

Besides, the evolution of shear stress with normal load at 300 K and sliding velocity of 50 

m/s is shown in Figure 4-6, where the friction coefficient of 0.265 and cohesion of 0.054 GPa 

are obtained and listed in Table 4-4. It was noted that Table 4-4 collected the friction coefficient 

and cohesion of various quartz/water/kaolinite interfaces under different conditions in the 

whole text. As shown in Table 4-4, comparing the sliding velocity of 50 m/s and 100 m/s at 300 

K, the friction coefficient of quartz-quartz interface increases slightly with rising sliding 

velocity, and the cohesion rises significantly. Wei et al.[14] explored the nanoscale friction 

behavior of montmorillonite in MD simulation, and also found that the friction coefficient and 

cohesion increased slightly with rising sliding velocity in 10 ~ 500 m/s. 

 

 

Figure 4-6. Evolution of shear stress with normal load for quartz-quartz interface at 
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300 K and sliding velocity of 50 m/s. 

 

Table 4-4. The friction coefficient and cohesion of various quartz/water/kaolinite 

interfaces. 

Friction 

coefficient 

Cohesion 

(GPa) 

Condition (Temperature, 

and siding velocity) 

Interface 

0.265 0.054 300 K, 50 m/s Quartz-quartz in this work 

0.27 0.223 300 K, 100 m/s 

0.286 0.255 200 K, 100 m/s 

0.266 0.184 400 K, 100 m/s 

0.21 - 300 K Quartz grains through experiment test[136] 

0.093 ~ 

0.231 

- 300 K Quartz sand through shear test[150] 

0.094 0.215 300 K, 100 m/s Quartz-water-quartz in this work 

0.044 0.402 300 K, 100 m/s Quartz-kaolinite in this work 

0.084 0.263 300 K, 100 m/s Quartz-water-kaolinite in this work 

 

4.3.1.4 Effect of temperature on friction behavior 

To explore the effect of temperature on friction properties of quartz-quartz interface, the 

relationship of shear stress and normal load under 200 ~ 400 K at a sliding velocity of 100 m/s 

is shown in Figure 4-7. The friction coefficient and cohesion decreased with rising temperature, 

which was consistent with the previous research, where Zhao et al.[152] found that the friction 

load decreased with rising temperature during 140 ~ 400 K for the friction behavior between 

graphite and silicon nitride through the AFM experiment; while the influence of temperature on 

friction force reduced at over 400 K. Moreover, based on the Prandtl-Tomlinson (PT) model, 

Song et al.[153] explained through the energy dissipation aspect why the friction load decreased 

with rising temperature. As it was well known, the mechanical strength, Young’s modulus, and 

other mechanical indexes of quartz could reduce with increasing temperature[154]. Thus, the 

decrease of mechanical quantities due to the increasing temperature might be an important 

factor for friction properties of quartz. On the other hand, the higher temperature, the higher the 

kinetic energy of quartz-quartz interface, and the easier to accomplish the sliding friction. 
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Figure 4-7. Evolution of shear stress with normal load for quartz-quartz interface 

under different temperatures of 200 ~ 400 K. The sliding velocity is 100 m/s. 

 

4.3.2 Friction behavior of quartz-kaolinite interface 

To explore the friction behavior between quartz and clay, Figure 4-8 shows the relationship 

between friction load and sliding distance for quartz-kaolinite interface at a sliding velocity of 

100 m/s, where the kaolinite is set as the substrate. As shown in Figure 4-8(a), the higher the 

normal load, the higher the friction load.  

The relationship between friction load and sliding distance for quartz-quartz and quartz-

kaolinite interfaces at a normal load of 5 GPa and 100 m/s is shown in Figure 4-8(b), where the 

length of two wave peaks in two interfaces are much close. Because the lattice parameter of 

kaolinite along sliding direction is close to that of quartz. Moreover, the fluctuation amplitude 

of quartz-quartz interface was greater than that of quartz-kaolinite. 

Figure 4-8(c) and Table 4-4 show a friction coefficient of 0.044 for quartz-kaolinite interface, 

which is significantly less than 0.27 for quartz-quartz interface at 300 K and a sliding velocity 

of 100 m/s. This finding agreed well with the previous experimental research of Tembe et al.[74], 

who found that the friction coefficient of the mixed quartz-clay interface could decrease with 

the increase of clay content. On the other hand, the cohesion of 0.402 GPa for quartz-kaolinite 

interface is higher than that of quartz-quartz interface (0.223 GPa). 
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    (a)                                                                     (b) 

 

   (c) 

Figure 4-8. (a) Evolution of friction load with sliding distance for quartz-kaolinite 

interface under different normal loads; (b) Comparison of the relationship between 

friction load and sliding distance for quartz-quartz and quartz-kaolinite interface, 

where the normal load is 5 GPa; (c) Evolution of shear stress with normal load for 

the two interfaces. The sliding velocity corresponds to 100 m/s in this section. 

 

4.3.3 Effect of interlayer water on friction behavior  

As shown in Figure 4-9, the interlayer water film in quartz-water-quartz interface is 

constantly discharged during friction process. At a normal load of 1 GPa, the thickness of the 

interlayer water film between the sliding block and the substrate decreases till one-layer water 

molecules (Figure 4-9(a) and (b)). However, at a normal load of 5 GPa, only a few water 

molecules remained between the sliding block and the substrate (Figure 4-9(c) and (d)), and the 

rest water molecules were located directly in front of the sliding block along the sliding 
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direction, which became a part of the sliding block. This could explain why the friction load 

gradually rose during the friction process (Figure 4-11(a)). A similar evolution was also found 

for quartz-water-kaolinite interface, as shown in Figure 4-10. 

 

 

Figure 4-9. Trajectory diagram of quartz-water-quartz and quartz-quartz interface 

under different sliding distances and different normal loads: (a), (b) 1 GPa; (c), (d), 

(e) 5 GPa. The sliding velocity is 100 m/s and the temperature is 300 K. 

 

Figure 4-11(a) shows the evolution of friction load with sliding distance for quartz-water-

quartz interface under different normal loads, where the friction load increased slowly with 

rising sliding distance at 1 ~ 3 GPa. However, the friction load increased gradually at over 5 

GPa; the higher the normal load, the faster the water film was discharged, causing a more 

significant increase in friction load.  

In Figure 4-10(a) and (c), we compare the case of the normal load of 1 GPa and 5 GPa, a 
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one-layer water molecule for quartz-water-kaolinite interface, which always exists in the middle 

of sliding block and substrate during the friction process. Furthermore, compared to the 

evolution of friction load with sliding distance for quartz-water-quartz interface (Figure 

4-11(a)), the increase rate of the friction load for quartz-water-kaolinite interface was relatively 

slow and stable with the increasing sliding distance, as displayed in Figure 4-11(b). 

 

 

Figure 4-10. Trajectory diagram of quartz-water-kaolinite and quartz-kaolinite 

under different sliding distances and different normal loads: (a), (b) 1 GPa; (c), (d), 

(e) 5 GPa. The sliding velocity is 100 m/s and the temperature is 300 K. 

 

As shown in Figure 4-11(d), it is worth noting that the friction coefficient of quartz-kaolinite 

interface (0.044) is less than that of quartz-water-kaolinite interface (0.084), indicating that 

interlayer water film for the friction between quartz and kaolinite might play a bonding role 

rather than a lubricating role. At the normal load of less than 3.8 GPa, the shear stress for quartz-

kaolinite interface was superior to that for quartz-water-kaolinite interface. However, it was the 
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opposite at the normal load greater than 3.8 GPa. This finding was quite different from the 

friction properties between the quartz-water-quartz interface and quartz-quartz interface, where 

their friction coefficient was 0.094 and 0.27, respectively (see Figure 4-11(c)). On the other 

hand, the fluid lubrication at nanoscale was slightly different from that at macroscale, the 

formation of the ordered structure of the liquid, the increase of viscosity, or the surface tension 

could increase the friction strength between particles at nanoscale[155].  

The friction properties of the solid particle with interlayer water film are complex, and need 

to be further studied. Based on the obtained results, we suggest that the water film should be 

spread over the whole substrate surface under a relatively low normal load, which could be 

better to explore the effect of various water layers on friction behavior. 

 

         

     (a)                                                                         (b) 

     

     (c)                                                                        (d) 

Figure 4-11. Evolution of friction load with sliding distance for (a) quartz-water-

quartz interface and (b) quartz-water-kaolinite interface under different normal load. 

Evolution of shear stress with normal load for (c) quartz-water-quartz and quartz-
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quartz interfaces, as well as (d) quartz-water-kaolinite and quartz-kaolinite 

interfaces. Moreover, the sliding velocity is 100 m/s, and the temperature is 300 K. 

 

4.3.4 Stick-slip effect and relationship of shear stress and normal load 

Figure 4-4(a), Figure 4-5(a), and Figure 4-11(a) display the influence of normal load, sliding 

velocity, and hydration on the stick-slip effect for quartz-(water)-quartz interface, respectively. 

The higher the sliding velocity and hydration, or the lower the normal load, the smaller the 

fluctuation amplitude of friction load, indicating the weaker the stick-slip effect. A similar result 

was also found in previous work [86]. 

Moreover, as was well known, the relationship between shear stress (or friction load) and the 

normal load for different materials was rather complex, including linear and nonlinear [14]. 

However, for nanoscale friction properties of soil or rock, we have found the relationship 

between normal load and friction load (shear stress) was approximately linear in this work (see 

Figure 4-4(b), Figure 4-6, Figure 4-7, Figure 4-8(c), Figure 4-11(c-d)) and previous studies [14, 

86], where the degree of linear fitting is very high (R2 > 0.9). 

4.3.5 Effect of cation on friction behavior between quartz-montmorillonite interface 

To investigate the influence of interlayer cations on the friction properties of quartz-

montmorillonite system, eight different cations were considered in this work. The evolution of 

the shear stress with normal loads of all systems is shown in Figure 4-12, where their 

relationship is approximately linear. 

The friction coefficient and cohesion of montmorillonite-quartz system with different 

interlayer cations are displayed in Figure 4-13 and Table 4-5. As shown in Figure 4-13 and 

Table 4-5, the order of friction coefficients for montmorillonite-quartz systems with different 

interlayer cations is Ca2+ > Zn2+ > Ni2+ > Pb2+ > Li+ > Rb+ > Cs+ > K+, illustrated that the friction 

strength of divalent cations system is greater than that of monovalent cations system. Moreover, 

the radius of divalent cations is generally less than that of monovalent cations. The higher the 

radius of cation, the lower the friction coefficient, and the higher the cohesion. 

This study is focused on the interfacial friction of montmorillonite substrate and quartz slider, 

but there are inevitable differences between different substrate and slider materials. For example, 
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Sakuma et al. [20] studied friction behavior between two montmorillonite portions through DFT 

method, and found that the friction load increase with ionic radius, which was inconsistent with 

the results of this research. Thus, the nanotribology between two montmorillonite portions with 

different cations is needed to further study.  

 

 

Figure 4-12. Evolution of shear stress with normal load for quartz-montmorillonite 

with different cations. 

 

 

Figure 4-13. The relationship of ionic radius, friction coefficient (μ), and cohesion 

for quartz-montmorillonite with different cations, where the size of the circle 

represents the radius size of the corresponding cations. 
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Table 4-5 Friction properties parameters in terms of various cation genres 

Cation type Friction coefficient μ Friction angle (°) Cohesion force (GPa) Ionic radius (nm) 

Li
＋ 0.190 10.76 2.272 0.060 

K
＋

 0.122 6.96 2.103 0.133 

Rb
＋

 0.148 8.42 2.316 0.148 

Cs
＋ 0.125 7.13 2.411 0.169 

Ca2＋ 0.311 17.28 1.662 0.099 

Ni2＋ 0.284 15.85 2.090 0.072 

Zn2＋ 0.292 16.28 1.791 0.074 

Pb2＋ 0.275 15.38 2.135 0.120 

 

4.4 Conclusions 

MD simulations with CLAYFF force field were performed to study the nanoscale friction 

behavior of quartz-quartz and quartz-kaolinite interface, considering different conditions of the 

normal load, sliding velocity, temperature, and hydration. The main conclusions were obtained 

as follows: 

(1) The stick-slip effect was found in the quartz-quartz interface during the friction process. 

The friction load periodically fluctuated around a stable value, where the wavelength was close 

to the lattice constant along the sliding direction. Moreover, the higher the sliding velocity and 

hydration, the lower the normal load, the weaker the stick-slip effect. 

(2) Concerning quartz-quartz interface, the friction load increased with the rising normal 

load, and the relationship between shear stress and normal load was approximately linear. 

Moreover, the friction coefficient and cohesion could rise with the increasing sliding velocity 

or the decreasing temperature. 

(3) The friction coefficient of quartz-kaolinite interface was significantly smaller than that 

of quartz-quartz interface. This is consistent with the previous experimental studies, where the 

presence of clay could weaken the frictional strength of quartz. 

(4) The friction coefficient of quartz-quartz interface was significantly greater than that of 

quartz-water-quartz interface; while one of quartz-kaolinite interface was smaller than quartz-

water-kaolinite interface. Whether the interlayer water film plays a lubricating or bonding role 
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was found interesting, for which it is suggested that the water film should be spread over the 

whole substrate surface under a relatively low normal load. 

(5) The order of friction coefficients for montmorillonite-quartz systems with different 

interlayer cations is Ca2+ > Zn2+ > Ni2+ > Pb2+ > Li+ > Rb+ > Cs+ > K+. Moreover, the higher the 

radius of cation, the lower the friction coefficient, and the higher the cohesion. 

This work provides new fundamental insights into the friction behavior in rock or soil 

engineering, and extends the friction properties of quartz from macroscopic scale to nanoscale. 
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Chapter 5. Phase Transformation of Ice-Unfrozen Water on 

Montmorillonite Surface: A Molecular Dynamics Study III 

 

Abstract 

The phase transformation process and composition distribution of unfrozen water and ice on 

the surface of expansive soil minerals in microscale are still unclear in frozen soil. The phase 

transformation and composition behavior of ice-water onto montmorillonite interface as well 

as its surface effect at supercooled temperature (230 ~ 270 K) were investigated for the first 

time through molecular dynamic (MD) simulation method, considering their interfacial, 

structural, and dynamic properties. The evolution of unfrozen water content with temperature 

in MD simulation agreed well with that in the NMR experiment for validation and comparison. 

The simulation results showed that 1) some ice could transform unfrozen water as the 

temperature rose due to thermal fluctuations causing the breakage of hydrogen bonds; 2) 

combining with the simulation results in this work and electrical double layer theory, a new 

division of microstructure of unfrozen water and ice onto montmorillonite was proposed and 

determined, which was “montmorillonite-bound water-cubic ice-hexagonal ice-cubic ice-

‘quasi-liquid’ water-air”; 3) the surface effect of montmorillonite was an important reason for 

the existence of unfrozen water in frozen soil, especially coulomb electrostatic interaction. 

Furthermore, the structure and dynamic properties of unfrozen water and ice were discussed. 

Keywords: Montmorillonite; Unfrozen water; Water-ice phase transformation; Surface 

effect; Molecular Dynamics 
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5.1 Introduction 

Expansive soil is mainly composed of strong hydrophilic clay minerals such as 

montmorillonite, which has significant deformation characteristics of water absorption 

expansion and water loss shrinkage [156]. In addition, lots of expansive soil in seasonal frozen 

soil regions in China are subjected to freeze-thaw cycles, in addition to the conventionally 

encountered drying-wetting cycles [26], easily causing engineering problems such as frost 

heaving or melting deformation. Expansive soil in seasonal frozen regions is a four-phase 

system, containing soil particles, ice, unfrozen water, and air. And the transformation between 

ice and unfrozen water is significantly affected by temperature, resulting in the changing of 

physical and mechanical properties of frozen soil, and finally causing engineering disaster. 

Therefore, the complexity of ice-water phase transformation in frozen soil is one of the main 

reasons for the complexity and particularity of mechanical properties of frozen soil, and needs 

to be investigated. 

The phase transformation of ice-water is related to the temperature, pressure, microstructure 

and composition of soil particles, and there are coupling relationships between these factors 

with varying degrees. So far, the unfrozen water content has been used as the primary index to 

measure the degree of ice-water transformation in soil, considering many other influencing 

factors. Some scholars studied the freezing characteristics of soil under different saturation [157], 

and the relationship between unfrozen water content and freezing temperature [28] using Nuclear 

Magnetic Resonance (NMR). Kozlowski et al. [158] found that ice melting in soil was not a 

continuous phase transformation through the calorimetry method. Liu et al. [159] determined the 

calculating formula between the mass and heat absorption of ice, and then calculated the 

unfrozen water content. To sum up, the experimental methods mentioned above were well 

employed to measure the unfrozen water content in unsaturated frozen soil, but it was difficult 

to observe this physical process and reveal the microscopic mechanism of phase transformation 

of ice-water.  

On the other hand, the particle size of clay minerals is very small, and it has a layered 
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structure and complex surface properties, such as a double electric layer. Thus, it is challenging 

to directly use physical test methods to study the above microscopic mechanisms of phase 

transformation of liquid water-ice and the migration of unfrozen water in expansive soil 

minerals [29]. At the same time, it is difficult to prepare samples and requires special 

experimental equipment, such as nanoindentation and atomic force microscope experiments, 

etc. [31]. Therefore, other methods are needed to study the phase transformation process of ice-

water onto montmorillonite. 

With the rapid development of computer technology, finite element and discrete element 

methods are commonly used in geotechnical and geological engineering, while they have some 

limitations when dealing with small-scale (micro- and nano-scale) geotechnical problems and 

explaining some mechanism problems [34, 35]. However, in the past decades, molecular dynamic 

(MD) simulation method has become an excellent tool suitable for solving specific problems in 

materials science, and has been widely used to study the interface characteristics, 

thermodynamic behavior, and multi-medium interaction of geotechnical materials at microscale 

[36-38].  

The phase transformation of ice-water is a complicated scientific problem. Since the end of 

19th century, the solid-flow transformation of water has been studied. Many ice wind tunnel 

experiments in macroscopic scale [160] have been carried out over the past 100 years, but no 

breakthrough results have been obtained on the mechanism of ice-water phase transformation. 

Recently, many scholars explored the phase transformation process of ice-water in microscale 

through quantum mechanics, MD, Monte Carlo methods, where MD simulation was the most 

widely employed. For example, Matsumoto et al. [161] successfully simulated the freezing 

process of pure water for the first time through MD simulation, and found that the nucleation 

of ice was manifested as enough hydrogen bonds with relatively long existence time 

spontaneously forming relatively compact initial nuclei in the same position. Sanz et al. [162] 

simulated the uniform nucleation of ice and calculated the critical cluster size and nucleation 

rate for the first time. Lupi et al. [163] used mW water model to study heterogeneous nuclei of 
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ice through MD simulation, and reported the freezing process of water near the ice-water 

interface, but did not elaborate on the role of interface water in ice nucleation mechanism. 

Jessica et al. [164] investigated the crystallization process of ice based on mW water model. Benet 

et al. [165] studied the ice-water interface using TIP4P/2005 water model and obtained the value 

of directional mean interface free energy. Zhang et al. [166] proposed an effective method to 

calculate the energy of ice-water mixing system for ice-Ih crystals through MD simulation, 

which was expected to be used to simulate the phase transformation process of ice crystals. Bai 

et al. [167] recently studied the ice nucleation process in water droplets of graphene oxide 

nanosheets, providing experimental information for the existence of critical ice nuclei. The 

studies mentioned above mainly discussed the phase transformation process of ice-water in a 

pure water system.in frozen soil engineering, the ice-water phase transformation of expansive 

soil in frozen soil regions involved soil-unfrozen water-ice-air system. Therefore, the phase 

transformation of ice-water at the interface of expansive soil minerals should be more 

concerned.  

At present, the theoretical explanations for the existence of unfrozen water in frozen soil 

included capillary action, surface effect, adsorption force, and double electric layer effect. Jin 

et al. [168] further demonstrated through theoretical analysis that the surface effect of clay was 

the main reason for unfrozen water existing in frozen soil. Sosso et al. [169] studied the 

heterogeneous ice nucleation process on kaolinite surface at 230 K using TIP4P/ICE water 

model in MD simulation, and pointed out that the surface properties of kaolinite were very 

sensitive to the ice nucleation process. At the strong supercooling temperature of 230 K, the ice 

formation rate was 20 orders of magnitude faster than that of homogeneous freezing due to 

kaolinite [170]. Cox et al. [171] analyzed the ice nucleation process between homogeneous and 

heterogeneous (kaolinite as ice nucleating agent) using TIP4P/2005 water model at 220 K, and 

Zielke et al. [172] explored heterogeneous ice nucleation on two different surfaces of kaolinite 

using TIP4P/ICE water model at 230 K, where they both found that kaolinite could significantly 

increase the rate of ice nucleation. Moreover, compared to montmorillonite and illite, Mason 
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[173] verified that kaolinite was the most effective and essential ice-nucleating mineral through 

experiments. Zhang et al. [27] firstly analyzed the phase composition behavior of frozen soil and 

phase transformation of water in mineral nanopore using mW model at 100 ~ 260 K in MD 

simulation; and found that the complex interaction between adsorption and capillary action 

existed in the soil surface; and reported that the physical mechanism of frozen soil phase 

composition curve in low temperature region was very complicated. 

To sum up, most of the above studies focus on ice nucleation at kaolinite interface at 

supercooled temperature (220 ~ 230 K) [169-172, 174]. However, the surface effect and structural 

composition of montmorillonite are very different from that of kaolinite, and the phase 

transformation behavior of ice-water at the interface of montmorillonite is still unknown. 

Therefore, in this work, the phase transformation and composition behavior of ice-water onto 

montmorillonite surface and its surface effect in nanoscale are revealed for the first time. This 

work provides a theoretical basis for macroscopic characterization of the phase transformation 

law of ice-water in expansive soil minerals, and establishes the "micro-macro" theoretical 

connection in frozen soil mechanics. 

5.2 Computational details 

5.2.1 System setup and force field 

The unit model of ice-Ih was derived from Bernal et al. [175], which has a hexagonal symmetry 

with a space group of P6_3cm, including five water molecules and then forming an open 

tetrahedral crystal cell [176]. The orthogonal ice-Ih system was built, including 12096 atoms 

(Figure 5-1(a)). The Wyoming-type montmorillonite model was derived from Viani et al.[91], 

and its chemical formula was Na0.75(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4·nH2O. The supercells of 

montmorillonite are composed of 112 unit cells (8a × 7b × 2c), as shown Figure 5-1(b). Finally, 

the bulk montmorillonite and ice system were merged into montmorillonite-ice (Mt-ice) system 

(Figure 5-1(c)), where its contact surface was their (001) surface. As shown in Figure 5-1(c), 

the atoms layer of around 4 Å at the bottom of montmorillonite substrates were fixed as an 
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immovable fixed layer to ensure the stability of the substrate without displacement. It was worth 

noting that the ice-vacuum interface could be used to simulate the ice-air interface in MD 

simulation [177]. Because the number of air molecules in the model system was very little during 

the simulation, this treatment without considering air molecules in the simulation did not affect 

the simulation conclusion [178]. 

 

 

Figure 5-1. Montmorillonite-ice (Mt-ice) model using in this work: (a) Bulk ice 

model; (b) Bulk montmorillonite (Mt) model; (c) Initial Mt-ice model with initial 

interlayer spacing of 10 Å. 

 

CLAYFF[52] force field has been widely used to describe the interaction of clay minerals in 

MD simulation[14, 15, 54, 55], so it was also applied in this work. The non-bonded and bonded 

interaction parameters of the CLAYFF force field were derived from the literature[52], as shown 

in Table 2-4. Moreover, TIP4P/ICE [59] water model could reproduce many structural and 

dynamical properties of different ice phases and liquid water correctly, and has been well 

employed to explore the ice formation onto kaolinite [169, 170, 172]. Meanwhile, its melting 

temperature of 270 ± 3 K obtained by previous works [179, 180] was close to the experiment value 

of 273 K. Therefore, the TIP4P/ICE rigid water model controlled by the SHAKE method was 



Chapter 5. Phase Transformation of Ice-Unfrozen Water on Montmorillonite Surface: A Molecular 

Dynamics Study 

 

88 

used to describe the water and ice system in this work, where its potential parameters were 

shown in Table 2-6. Furthermore, the four-point TIP4P/ICE rigid water model extends the 

traditional three-point water model (like SPC, SPC/E, TIP3P, etc.) by adding an additional site 

M, usually massless, where the charge associated with the oxygen atom is placed. This site M 

is located at a fixed distance away from the oxygen along the bisector of the HOH bond angle[50]. 

5.2.2 Relaxation and simulation details 

All MD simulations were performed in LAMMPS[50] code. Three-dimensional periodic 

boundary condition was applied in the simulations. The van der Waals forces was calculated 

using the Lennard-Jones potential model with the cut-off radius set as 10 Å. The Velocity Verlet 

algorithm was applied to integrate the motion equations. Long-range electrostatic interactions 

with a cut-off radius of 8.5 Å were calculated using the PPPM/TIP4P method. The time step in 

whole simulations was set to 1.0 fs. 

As shown in Table 5-1, the simulation process in this study was performed as following steps: 

1) to obtain a sufficient equilibrium configuration, the conjugate gradient method was used to 

do the energy minimization for ice and montmorillonite separately, and then merging these two 

models into Mt-ice system with an initial interlayer spacing of 10 Å. 2) To obtain the most 

stable model (i.e., the lowest energy model), nine Mt-ice models with different interlayer 

spacings of 2 ~ 10 Å were established by adjusting its interlayer spacing. 3) the temperature of 

nine Mt-ice models in the canonical (NVT) ensemble increased from 0 to 270 K for 100 ps, 

followed by equilibrated in 270 K for 100 ps. As shown in Figure 5-2, the average total energy 

of Mt-ice system with initial interlayer spacing of 6 Å is the lowest, indicating that this model 

is the most stable one. Thus, this model was used in this work. 4) The Mt-ice system with initial 

interlayer spacing of 6 Å was equilibrated with NVT ensemble in 0 K for 1.0 ns, and the initial 

Mt-ice system gradually translated into montmorillonite-water-ice (Mt-water-ice) system. 5) 

Thereafter, the temperature of Mt-water-ice system rose from 0 to 270 K for 1.08 ns, where a 

restart file was saved and printed every 10 K during heating process. 6) Finally, based on step 

5, five different Mt-water-ice model under different temperatures (230 ~ 270 K) were further 
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relaxed in NVT ensemble at their target temperature for 100 ns, where 270 K was in the melting 

temperature range of TIP4P/ICE water model, and 230 ~ 240 K were its supercooled 

temperature. 7) To further balance the ice-water phase transformation in whole system, the Mt-

water-ice system at 230 ~ 250 K were further relaxed in NVT ensemble for 50 ns. 

 

 

Figure 5-2. Evolution of average total energy of ice-water system with different 

initial interlayer spacing at 270 K, where the average total energy was obtained over 

the later 50 ps. Moreover, the initial interlayer spacing was the distance between top 

surface of clay and bottom surface of ice. 

 

Table 5-1. MD simulations schemes in this work. 

Step Equilibrium (Equi.) and running process 

1 
Minimize and 

merge two models 

Minimize with conjugate gradient (CG) algorithm for ice and Mt system, 

respectively, followed by merging the ice and Mt model into initial Mt-ice 

model with initial interlayer spacing of 10 Å. 

2 
Adjusting the 

interlayer spacing 

Adjusting the interlayer spacing of Mt-ice system, so that obtained nine Mt-

ice models with different interlayer spacings of 2 ~ 10 Å. 

3 Equi.1 

(a) NVE + Langevin (rising temperature from 0 to 270 K), 100 ps; (b) NVE 

+ Langevin (270 K), 100 ps.  

Compared the evolution of total energy with different interlayer spacing to 

obtain the most stable model. 

4 Equi.2  

NVE + Langevin (0 K), 1.0 ns (the most stable model with initial interlayer 

spacing of 6 Å) (Noting: Based on step 2, not step 3. Total process: step 1-2-

4) 

5 
Equi.3 with rising 

temperature 

NVE + Langevin (rising temperature from 0 to 270 K), 1.08 ns 
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6 
Equi.4 at target 

temperatures 

NVE + Langevin (at target temperature of 230, 240, 250, 260, and 270 K), 

100 ns 

7 
Equi.5 at target 

temperatures 

NVE + Langevin (at target temperature of 230, 240, and 250 K), 50 ns 

 

5.2.3 Experiment control group 

In our latest experimental research [28], the unfrozen water characteristics of unfrozen soil at 

ultralow temperatures from 193 ~ 293 K were studied by Newmark cryogenic nuclear magnetic 

resonance (NMR) (Figure 5-3(a)). The soil sample used in the experiment was clay, where its 

main component was clay minerals, quartz, feldspar, and potassium feldspar. A cylindrical 

sample with a water content of 20 % and dry density of 1.7 g/cm3 was made, and its dimension 

was 20 mm × 60 mm (diameter × height), shown in Figure 5-3(b).  

In this work, to establish the "macroscopic - microscopic" connection of frozen soil, the 

macroscopic experimental results during 223 ~ 283 K in our previous literature [28] was 

employed as control group, and discussed with MD simulation results (see Section 3.2.2). 

 

 

Figure 5-3. (a) Newmark cryogenic nuclear magnetic resonance (NMR) imaging 

analyzer and (b) soil sample used in experiments. [28] 
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5.3 Results and discussions 

The simulation results during heating process from 0 to 270 K were presented in section 5.3.1. 

The simulation results at melting and supercooled temperatures of ice-Ih (230 ~ 270 K) were 

presented in Section 5.3.2 ~ 5.3.4, including the interfacial properties and phase composition, 

structural analysis, as well as dynamic properties of Mt-water-ice system. 

5.3.1 Evolution of montmorillonite-water-ice system during heating (0 ~ 270 K) 

Based on the step 4 and 5 in Table 5-1, the structural evolution of montmorillonite-ice system 

during heating process (0 ~ 270 K) was illustrated in Figure 5-4. As shown in Figure 5-4(b) and 

(c), the initial Mt-ice system gradually translating into Mt-water-ice system was developing, 

where a little ice molecule contacting the clay surface changed into disordered water molecules 

in 0 K during 0 ~ 1000 ps. Thereafter, more and more hexagonal ice molecules transformed into 

water molecules in heating stage (0 ~ 270 K) during 1000 ~ 2080 ps, resulting in the increase 

of F3 (Figure 5-4(a)). However, it was noted that the number of interfacial ice molecules 

gradually rose with increasing temperature, and that of cubic ice molecules was unchanged. 

Moreover, as shown in Figure 5-4(a), during heating process, the total energy of the whole 

system increased with increasing temperature, illustrating that this is a process of absorbing 

energy for the transformation of ice to water. 

 It was worth noting that the ice near the clay surface was the first to transform into 

disordered water during 0 ~ 6 ps (Figure 5-4(c)), owing to the surface effect of montmorillonite, 

such as Van der Waals and electrostatic interaction. Therefore, the number of water molecules 

and order parameter F3 suddenly rose, while that of hexagonal ice molecules rapidly reduced. 

On the other hand, the F3 for initial Mt-ice model was equal to 0.038, not zero, because this 

bulk ice in Mt-ice system was not on a three-dimensional periodic boundary, where its upper 

surface was in contact with the vacuum layer, and its lower surface was in contact with the clay 

mineral layer. 
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Figure 5-4. Evolution of (a) total energy of whole Mt-(water)-ice system and F3, (b) 

number of various ice types, and (c) structural configuration of the whole system 

with time during heating process (0 ~ 270 K), where the temperature of the whole 

system is set as 0 K for the first 1000 ps, and then increased from 0 K to 270 K for 

the latter 1080 ps. 

5.3.2 Interfacial properties and phase composition 

5.3.2.1 Ice-water phase transformation process 

To explore the effect of temperature on the ice-water phase transformation in Mt-water-ice 

system, Figure 5-5 displays the evolution of the number of various ice types with time under 

different target temperatures. As shown in Figure 5-5(a-c), at 230 ~ 250 K, the hexagonal ice 

molecules constantly increase with time, while the case of water and interfacial ice molecules 

are opposite. It was worth noting that their trend of the transformation of water into ice was still 

developing after 100 ns, indicating that the liquid water in Mt-water-ice system could further 

transform into hexagonal ice (Figure 5-6(a-c)). Thus, compared with that cases of 260 and 270 

K, the Mt-water-ice system at 230 ~ 250 K was needed to equilibrate for further 50 ns. 
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As shown in Figure 5-5(d), at 260 K, the number of liquid water increase firstly in 0 ~ 5 ns, 

followed by constantly decrease in 5 ~ 50 ns, finally keep stable in 50 ~ 100 ns, illustrating that 

the whole system reaches a relatively stable stage (Figure 5-6(d)). However, the evolution of 

hexagonal and cubic ice with time was opposite to that of liquid water. Furthermore, the 

evolution of the transformation of water into hexagonal and cubic ice at 270 K was somewhat 

similar to the case at 260 K (Figure 5-5(e)). 

To explore the ice-water phase transformation process at 270 K during 0 ~ 100 ns, Figure 

5-6(e) shows the ice-water structure under different times in 270 K. As shown in Figure 5-5(e) 

and Figure 5-6(e), plenty of ice molecules near clay and vacuum layers constantly transform 

into water molecules in 0 ~ 25 ns. Thereafter, the upper and lower portion water gradually 

translated into hexagonal and cubic ice in 25 ~ 50 ns, and then a little water molecule continued 

to transform into cubic ice molecules in 50 ~ 100 ns, where the number of the hexagonal ice 

molecules kept unchanged in 40 ~ 100 ns.  

 

 

Figure 5-5. Evolution of number of various ice types in montmorillonite-water-ice 

system with time under different temperatures: (a) 230 K, (b) 240 K, (c) 250 K, (d) 

260 K, and (e) 270 K.  
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On the other hand, as shown in Figure 5-6 and Figure 5-7, the water-ice system onto 

montmorillonite surface could be mainly divided into three zones: 1) zone ⅰ contains liquid 

water near the clay layer with a certain thickness with 3.0 ~ 6.0 Å. Zhang and Pei [93] studied 

the thickness of bound water in Na-montmorillonite pore using MD simulation, which was 

determined as about 6 Å (containing two water layers) regarded as tightly bound water after 

verifying by experimental data. Wang et al. [181] also reported the thickness of bound water in 

montmorillonite as 3.1 ~ 10.65 Å corresponding to a relative humidity of 10 % ~ 100% through 

experimental method. Therefore, the liquid water in zone ⅰ was determined as bound water. 2) 

zone ⅱ mainly includes hexagonal and cubic ice, maintaining the crystal structure. 3) zone ⅲ 

mainly contains disorder liquid water near the vacuum layer. Moreover, the unfrozen water 

often mentioned in frozen soil engineering is liquid water in soil-water-ice system, which is 

made up of bound water in zone ⅰ and disorder liquid water in zone ⅲ.  

 

 

Figure 5-6. Evolution of ice-water structure in montmorillonite-water-ice system 

with time under different temperatures: (a) 230 K, (b) 240 K, (c) 250 K, (d) 260 K, 

and (e) 270 K. Note: the montmorillonite system is hidden for better visual clarity. 
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To understand the proportion of each component in whole system, based on the 

transformation evolution of ice and water (Figure 5-5), Table 5-2 shows the average number of 

various types of ice, hydrate, and water at different temperatures in the stable stage. Among 

these, the stable stage corresponded to the last 20 ns (130 ~ 150 ns) at 230 K, as well as the last 

50 ns at 240 ~ 250 K (100 ~ 150 ns) and 260 ~ 270 K (50 ~ 100 ns). Thereafter, the evolution 

of average number of total ice (containing cubic, hexagonal, and interfacial ice), liquid water, 

and total hydrate (including hydrate and interfacial hydrate) with temperature could be 

displayed in Figure 5-7(f). As shown in Figure 5-7, as the temperature rises, the thickness of 

bound water in zone ⅰ and disorder liquid water in zone ⅲ gradually increase, while that of total 

ice layer decreases. Moreover, as shown in Table 5-2, the total ice and total liquid water number 

changed slightly at 230 ~ 260 K, where hexagonal and interfacial ice could transform into cubic 

ice. However, at 260 ~ 270 K, the total ice and total liquid water changed exponentially, where 

plenty of hexagonal ice and little cubic ice mainly transformed into liquid water. 

 

Table 5-2. Average number of various types of ice, hydrate, and water under 

different temperatures, where the data of the last 20 ns (130 ~ 150 ns) is averaged at 

230 K, and the data of the last 50 ns is averaged at 240 ~ 250 K (100 ~ 150 ns) and 

260 ~ 270 K (50 ~ 100 ns).  

Temperature 

(K) 
Cubic ice 

Hexagonal 

ice 

Interfacial 

ice 
Hydrate 

Interfacial 

hydrate 

Other 

(liquid 

water) 

230 59  2630  562  5  37  739  

240 58  2684  467  6  42  775  

250 154  2828  278  6  40  727  

260 622  2327  267  7  44  765  

270 547  1479  332  16  95  1563  
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Figure 5-7. (a-e) Ice-water structure onto montmorillonite surface at the end of 

simulations under different temperatures (230 ~ 270 K). Moreover, (f) evolution of 

average number of total ice (containing cubic, hexagonal, and interfacial ice), liquid 

water, and total hydrate (including hydrate and interfacial hydrate) with 

temperature, where these data sums are based on the data in Table 5-2. Note: the 

montmorillonite system is hidden for better visual clarity. 

 

As shown in Figure 5-8(a) and Figure 5-5, we could conclude that the transformation of ice 

to water is an absorbing energy process, but the transformation of water to ice is a releasing 

energy process. Matsumoto et al. [182] also verified that this is a releasing energy progress when 

the water molecules transformed into ice molecules. Moreover, as shown in Figure 5-8(b), the 

order parameter F3 gradually reduces with rising time in 230 ~ 250 K; while F3 increases firstly, 

followed by decreases in 260 and 270 K. It was consistent with the evolution of water with time 

(Figure 5-5). Moreover, the value of F3 during 50 ~ 100 ns in 230 ~ 260 K was much similar, 

indicating that the number of ice and water molecules of Mt-water-ice system in this stage were 

very close. However, the F3 during 40 ~ 100 ns in 270 K was higher than 0.07, and significantly 

greater than the cases in other supercooled temperatures. 
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                  (a)                                                                   (b)                      

Figure 5-8. Evolution of (a) total energy and (b) F3 of Mt-water-ice system with 

time, respectively.  

 

5.3.2.2 Bound water 

Why does bound water in zone ⅰ (or unfrozen water) exist in frozen soil? Currently, the 

presence of unfrozen water in frozen soil through theoretical explanations is attributed to 

capillary action, surface effect, adsorption forces, and the electrical double layer. Based on 

theoretical derivation, Jin et al. [168] reported that the surface effects of clay was the main 

influence factors, and adsorption forces acting on the residual unfrozen water close to the clay 

particle surface are the combination of van der Waals forces, valence forces, and electrostatic 

forces. However, their respective percentages are unknown. Besides, the work of adhesion is 

defined as a work required to separate two phases from each other, and used to analyze the 

contribution ratio of each component to work of adhesion in this work. As shown in Table 5-3, 

the contribution of coulomb electrostatic force in the surface effect is the largest, followed by 

van der Waals force, and the last is bond interaction. Therefore, it could be concluded that the 

presence of unfrozen water in frozen soil was mainly due to the surface effect of clay, including 

coulomb electrostatic and van der Waals interaction, where coulomb electrostatic interaction 

was the main influencing factor.  
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Table 5-3. Obtained contributions to the work of adhesion (mJ/m2) deduced from 

the energy differences between Mt-water-ice system and water-ice film in 270 K. 

Time (ns)   VDW 
Coulomb  

(short-range) 

Coulomb 

(long-range)  
Bond Total 

0 -8.098  -1621.078  2111.593  0.284  482.700  

5 -4.442  -1564.181  2168.330  0.728  600.435  

10 -15.453  -1574.021  2193.231  1.149  604.906  

20 -36.524  -1545.680  2165.778  1.335  584.909  

50 -8.530  -1632.559  2118.189  1.403  478.504  

75 -51.338  -1591.957  2135.247  -3.098  488.854  

100 -44.598  -1598.816  2136.521  -0.110  492.997  

 

As shown in Figure 5-7(a-e), the thickness of unfrozen water (containing zone ⅰ and zone ⅲ) 

increases with rising temperature, such as the bound water layer only contained one water layer 

with a thickness of about 3 Å at 230 ~ 260 K (Figure 5-7(a-d)), but two water layer with one of 

about 6.0 Å at 270 K (Figure 5-7(e)). Furthermore, Figure 5-9(a) is T2 relaxation curve, where 

the value of T2 reflects the occurrence of pore water and pore size in the unfrozen state. The 

higher the T2 (signal strength), the higher the unfrozen water content. The peak area and signal 

peak value increased with rising temperature, meaning the unfrozen water content also rose. On 

the other hand, based on the NMR signal, the unfrozen water could be measured through the 

Tize method [183], and displayed in Figure 5-9(b). As shown in Figure 5-9(b), the unfrozen water 

content in MD simulation is equal to the ratio of water molecules number to the total water-ice 

molecules number, where the values of unfrozen water content between MD simulation and 

NMR were not comparable, owing to complex composition of frozen soil in experiment and 

scale effect between macroscale and nanoscale. However, the type of fitting function evolution 

in MD simulation agreed well with that in NMR experiment [28], indicating the accuracy of the 

using force field and established model. For example, there are three main phase-change zones 

in frozen soil [28, 184]: severe phase-change zone (269 ~ 272 K), transitional phase-change zone 

(258 ~ 268 K), and freezing stable zone (< 258 K). Figure 5-9(b) shows that the unfrozen water 

content in MD simulation changes very little in freezing stable zone (230 ~ 260 K), while 
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increases exponentially in severe phase-change and transitional phase-change zone (260 ~ 270 

K). 

 

   

(a)                                                                       (b) 

Figure 5-9. (a) T2 relaxation curve of frozen soil from NMR [28]. (b) Evolution of 

content of unfrozen water in NMR experiment from Ren et al. [28] and MD 

simulation with temperature, where the fitting curve in NRM is based on the 

temperature range of 223 ~ 273 K. Moreover, there are three main phase-change 

zones in frozen soil [28, 184], such as severe phase-change zone (zone 1), transitional 

phase-change zone (zone 2), and freezing stable zone (zone 3), which correspond to 

the temperature range of 269 ~ 272 K, 258 ~ 268 K, and < 258 K, respectively. 

 

5.3.2.3 Quasi-liquid water 

Why is there disorder liquid water in zone ⅲ (Figure 5-7(g)) on the surface of ice? Many 

scientists have verified that the disorder liquid water layer (so-called quasi-liquid water) existed 

on the surface of ice at temperature below melting temperature of ice through experiments[185, 

186], where its thickness ranges from 1 to 94 nm at -1 ℃[185]. On the other hand, based on the 

number of hydrogen bonds (HBonds) a water molecule donates (D) or accepts (A), Smit et al. 

[187] classified water molecules into four categories: such as, DAA water molecules: water 

molecules donating one and accepting two HBonds, in the same notation, DDA, DDAA, and 

DA water molecules (Figure 5-10(b)). They also reported that the number of free O-H groups 

originated from DAA and DA water molecules rose with rising temperature during 200 ~ 250 

K, owing to thermal fluctuations causing the breaking of HBonds [187]. Moreover, Weber et al. 
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[177] found the “quasi-liquid water” layer onto ice surface through MD simulation (Figure 

5-10(c)), where the HBonds in this topmost ice layer gradually broken with increasing 

temperature at over -70 °C, causing the transformation of DAA water molecules into highly 

mobile DA water molecules, and then increasing the ice surface mobility. This is the main 

reason why the ice surface is so slippery.  

In this work, as shown in Figure 5-6 and Figure 5-7(g), the “quasi-liquid water” layer is also 

presented in the topmost ice layer at 230 ~ 270 K, and its thickness gradually increases with 

rising temperature, showing the ice changing into liquid water, which is consistent with the 

previous work from Smit and Bakker[186], who illustrated that the content of quasi-liquid water 

increased with rising temperature during 245 ~ 270 K (Figure 5-10(a)).  

 

 

Figure 5-10. (a) Areas of the crystalline ice band (ca. 3230 cm-1), the liquid-water-

like band (ca. 3400 cm-1), the 3555 cm-1 band, and the free OH band (ca. 3700 cm 

cm-1) [186]. (b) Schematic of the DAA, DDA, DDAA, and DA water molecules at the 

basal ice-air interface with its perfect form [187]. (c) Snapshots of the MD trajectory 

of the ice-air interface at -43 °C, where top and bottom panels show the top and side 

views of the interface. Moreover, the water molecule with the free OH group that 

forms the new hydrogen bond at positive t is highlighted [177].  
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On the other hand, for montmorillonite-water system, Wei et al. [14] reported that there were 

two types of HBonds in Mt-water-ice system, where (1) the W-W HBonds (Water-Water) is 

established between water molecules; (2) the C-W HBonds (Clay-Water) is established between 

water molecules and the acceptor oxygen atoms (Ob) of montmorillonite surface. Similarly, as 

shown in Figure 5-11(a), Mt-water-ice system in this work also contains the two HBonds 

mention above. Figure 5-11(d) shows that the number of W-W HBonds decreases 

approximately linearly with increasing temperature, illustrating that the increasing temperature 

could cause the breaking of HBonds in water-ice system. Moreover, the number of C-W 

HBonds remained unchanged at 230 ~ 250 K, followed by decreased with rising temperature at 

250 ~ 270 K, indicating that the ice near clay surface transformed into bound water was also 

due to the breakage of some HBonds. 

 

 

Figure 5-11. (a) Schematic diagram of W-W and C-W hydrogen bonds (HBonds), 

and (b-c) evolution of two HBonds number with time. Moreover, (d) the evolution 

of average number of W-W and C-W HBonds with temperature, where the data of 

the last 20 ns (130 ~ 150 ns) is averaged at 230 K, and the data of the last 50 ns is 

averaged at 240 ~ 250 K (100 ~ 150 ns) and 260 ~ 270 K (50 ~ 100 ns). 
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Figure 5-12. Division and distribution of microstructure of unfrozen water and ice 

onto clay particle at temperature below melting temperature: (a) from inside to out, 

and (b) base on the electrical double layer. 

 

Based on an actual frozen soil environment, frozen soil usually was a four-phase system 

(containing soil, water, ice, and air). Combining with the above simulation results, the structure 

of water-ice onto montmorillonite could be strictly divided from inside to out as 

“montmorillonite-bound water-cubic ice-hexagonal ice-cubic ice-‘quasi-liquid’ water-air”, as 

shown in Figure 5-12(a). For areas with air (Region A, corresponding to four-phase system), 

the appearance of quasi-liquid water was due to the ice-vacuum interface in whole system, 

which was used to simulate the ice-air interface mentioned in Section 2.1. However, for area 

without air (Region B, corresponding to three-phase system), we think that the zone ⅲ did not 

exist, so the phase transformation evolution of water-ice in clay nanopores without air will also 

be worth exploring in the future. 

In addition, Jin et al. [168] divided the microstructure of unfrozen water onto clay particles 

according to the electrical double layer, but they did not consider the subdivision of ice types, 

quasi-liquid water, and air in the soil. Therefore, based on previous work, we proposed a new 

division of microstructure of unfrozen water and ice onto clay particles, as shown in Figure 
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5-12(b). With the increasing temperature, the thickness of unfrozen water (containing bound 

and quasi-liquid water) gradually increased, while that of ice reduced, which was due to thermal 

fluctuations causing the breaking of HBonds in water-ice system. 

 

5.3.3 Structure analysis 

5.3.3.1 During 230 ~ 270 K 

Figure 5-13 displays the RDF of various atom pairs in Mt-water-ice system at 230 ~ 270 K 

at final moment (230 ~ 250 K: 150 ns; 260 ~ 270 K: 100 ns) and initial Mt-ice model (Figure 

5-1(c)), where the OTIP4P/ICE-Na, OTIP4P/ICE-Ob, OTIP4P/ICE-Si, and Ob-HTIP4P/ICE atom pairs are 

not considered in initial Mt-ice model due to the existence of initial interlayer spacing of 10 Å. 

As shown in Figure 5-13(a) and (b), the RDF of OTIP4P/ICE-HTIP4P/ICE and OTIP4P/ICE-OTIP4P/ICE 

atom pairs in initial Mt-ice model still have lots of apparent peaks even at relatively long 

distance, showing its short- and long-range order properties and indicating a significant spatial 

correlation between these atom pairs. However, this certain spatial correlation of OTIP4P/ICE-

HTIP4P/ICE and OTIP4P/ICE-OTIP4P/ICE atom pairs in Mt-water-ice system at 230 ~ 270 K 

significantly decreased, it was worth noting that there were still some peaks at a long distance. 

Because some ice molecules gradually transformed into water molecules as the temperature 

rose. On the other hand, as shown in Figure 5-13(c-h), RDF of the other six atom pairs in Mt-

water-ice under different temperatures are very similar, so we need to analyze further their 

position of the first peak in RDF and CN, displayed in Table 5-4 and Table 5-5, respectively. 

As shown in Table 5-4, there are obvious first peak of RDF at a certain position between 

OTIP4P/ICE-Na, OTIP4P/ICE-Ob, OTIP4P/ICE-Si, and Ob-HTIP4P/ICE, indicating an interaction between 

water-ice and montmorillonite system, including a H bond interaction between them (Ob-

HTIP4P/ICE). Moreover, the distance of interaction between OTIP4P/ICE-Si was relatively higher 

than that between OTIP4P/ICE-Na, OTIP4P/ICE-Ob, and Ob-HTIP4P/ICE. There was not obvious pattern 

for the position of first peak in RDF of these four atom pairs under different temperatures, but 

their respective value was close. Similarly, there was an obvious interaction between OTIP4P/ICE-
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HTIP4P/ICE and OTIP4P/ICE-OTIP4P/ICE in water-ice system, as well as between Si-Ob and Al-Ob in 

montmorillonite system. 

To understand the coordination environment and interaction strength of Mt-water-ice system, 

the CN of various atom pairs was obtained through equation (2-21), as shown in Table 5-5. 

With increasing temperature, the CN of OTIP4P/ICE-OTIP4P/ICE increased due to the transformation 

of ice into water (Figure 5-7(a-e)), reflecting that their interaction effect rose. On the contrary, 

the CN of OTIP4P/ICE-Na, OTIP4P/ICE-Ob, OTIP4P/ICE-Si, and Ob-HTIP4P/ICE decreased with rising 

temperature, illustrating that the interaction effect between water-ice and montmorillonite 

system gradually reduced. Moreover, the CN of Si-Ob and Al-Ob and their position of the first 

peak in RDF were the same with increasing temperature, illustrating that the structure of 

montmorillonite system was very stable and was not affected by this short temperature interval 

(230 ~ 270 K) and water-ice system. 

   

 

Figure 5-13. Radial distribution function (RDF) of various atom pairs in Mt-water-

ice system under 230 ~ 270 K at the end of simulations (230 ~ 250 K: 150 ns; 260 ~ 
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270 K: 100 ns) and initial Mt-ice model: (a) OTIP4P/ICE-HTIP4P/ICE; (b) OTIP4P/ICE-

OTIP4P/ICE; (c) OTIP4P/ICE-Na; (d) OTIP4P/ICE-Ob; (e) OTIP4P/ICE-Si; (f) Ob-HTIP4P/ICE; (g) 

Si-Ob; (h) Al-Ob atom pairs. Moreover, the initial model mentioned in Figure 5-13 

corresponds to the Mt-ice model in Figure 5-1(c). 

 

Table 5-4. Position of the first peak in RDF of various atom pairs under different 

temperatures at the end of simulations.  

Syste

m 

Conditi

ons 

OTIP4P/ICE-

HTIP4P/ICE 

OTIP4P/ICE-

OTIP4P/ICE 

OTIP4P/ICE

-Na 

OTIP4P/I

CE-Ob 

OTIP4P/IC

E-Si 

Ob-

HTIP4P/ICE 

Si-

Ob 

Al-

Ob 

Mt-

ice 

Initial 

model 
1.75 

2.75 

- - - - 

1.55 1.95 Mt-

water

-ice 

230 K 

1.85 

2.35 2.85 3.75 1.95 

240 K 2.35 2.75 3.65 1.75 

250 K 2.35 2.85 3.75 1.85 

260 K 2.45 2.75 3.55 1.95 

270 K 2.45 2.75 3.65 1.85 

 

Table 5-5. Coordination number (CN) of various atom pairs under different 

temperatures at the end of simulations, where the distance (r) is equal to the position 

corresponding to the first valley of RDF curve.  

Syste

m 

Condition

s 

OTIP4P/ICE

-

HTIP4P/ICE 

OTIP4P/ICE

-

OTIP4P/ICE 

OTIP4P/ICE

-Na 

OTIP4P/ICE

-Ob 

OTIP4P/ICE

-Si 

Ob-

HTIP4P/IC

E 

Si-

Ob 

Al-

Ob 

(r = 2.45 

Å) 

(r = 3.35 

Å) 

(r = 3.05 

Å) 

(r = 3.05 

Å) 

(r = 3.95 

Å) 

(r = 

2.55 Å) 

(r = 

1.95 

Å) 

(r = 

2.65 

Å) 

Mt-ice 
Initial 

model 
1.942 3.817 - - - - 

3.67

7 

3.42

9 
Mt-

water-

ice 

230 K 1.952  3.956  0.030  0.028  0.066  0.069  

240 K 1.953  3.966  0.030  0.027  0.065  0.071  

250 K 1.950  3.958  0.029  0.025  0.065  0.069  

260 K 1.950  3.972  0.028  0.023  0.063  0.067  

270 K 1.947  4.038  0.026  0.025  0.057  0.062  

 

5.3.3.2 Different zones in melting temperature (270 K) 

To explore the structure properties of three different zones in water-ice system (Figure 5-12), 
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Figure 5-14 shows the RDF and CN of OTIP4P/ICE-OTIP4P/ICE, OTIP4P/ICE-HTIP4P/ICE, OTIP4P/ICE-Na, 

OTIP4P/ICE-Ob, and OTIP4P/ICE-Si atom pairs of different zones (zone ⅰ, ⅱ, and ⅲ) in Mt-water-ice 

system at 270 K. Comparing to other temperatures (230 ~ 260 K), the distribution of three zones 

at 270K was more obvious (Figure 5-7).  

 

    

     (a)                                                                   (b) 

     

(c)                                                                   (d) 

Figure 5-14. RDF of (a) OTIP4P/ICE-OTIP4P/ICE and (b) OTIP4P/ICE-HTIP4P/ICE in different 

zones, such as zone ⅰ (bound water), zone ⅱ (hexagonal and cubic ice, i.e. ice-Ih and 

ice-Ic), and zone ⅲ (quasi-liquid water), as well as (c) OTIP4P/ICE-Na, OTIP4P/ICE-Ob, 

OTIP4P/ICE-Si atom pairs in zone ⅰ-clay layer at 270 K. Moreover, (d) the coordination 

number of OTIP4P/ICE-OTIP4P/ICE, OTIP4P/ICE-HTIP4P/ICE, OTIP4P/ICE-Na, OTIP4P/ICE-Ob, and 

OTIP4P/ICE-Si atom pairs, where their position corresponding to the first valley of 

RDF curve are equal to 3.35, 2.45, 3.05, 3.05, and 3.95 Å, respectively. 

 

As shown in Figure 5-14(a) and (b), the RDF of OTIP4P/ICE-OTIP4P/ICE and OTIP4P/ICE-HTIP4P/ICE 

in zone ⅰ and ⅱ still have some obvious peaks at a longer distance, and their peak number are 
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higher than that in zone ⅲ. Comparing to RDF of O-O and O-H in bulk water system at 300 K 

from Wei et al.[176] (Figure 6-4), the structure properties of zone ⅲ was somewhat similar to that 

of bulk water, while the peak number of OTIP4P/ICE-OTIP4P/ICE in zone ⅲ was slightly higher than 

bulk water, illustrating that the structure of this quasi-liquid water is intermediate between 

liquid free water and ice. 

For the oxygen atom (OTIP4P/ICE) in zone ⅰ, it coordinated not only with itself and hydrogen 

atom (HTIP4P/ICE), but also with other atoms in clay layer, such as Na, Ob, and Si atom. Figure 

5-14(c) shows the RDF of OTIP4P/ICE-Na, OTIP4P/ICE-Ob, OTIP4P/ICE-Si in zone ⅰ-clay layer. 

Furthermore, CN of the five atom pairs mentioned above was displayed in Figure 5-14(d), 

where five different atoms coordinating with oxygen atoms (OTIP4P/ICE) are sorted according to 

the size of the coordination number: OTIP4P/ICE > HTIP4P/ICE > Si > Ob > Na. On the other hand, 

the order of CN of OTIP4P/ICE-OTIP4P/ICE in three zones was zone ⅲ > zone ⅱ > zone ⅰ, indicating 

the higher coordination of OTIP4P/ICE-OTIP4P/ICE in quasi-liquid water, and the lower one in bound 

water owing to coordinating with other atoms in clay layer. 

 

    

(a) O-O                                                          (b) O-H 

Figure 5-15. Effect of temperature on RDFs of ice-Ih (73, 150, and 250 K) and bulk 

water system (300 K) using SPC/E water model: (a) O-O and (b) O-H atom pair. [176] 

5.3.4 Dynamic properties 

Figure 5-16 shows the velocity and density distribution of oxygen atom (OTIP4P/ICE) in Mt-
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water-ice system at the end of simulations under different temperatures. As shown in Figure 

5-16(a-d), at 230 ~ 260 K, the density distribution of oxygen atom in water-ice system was 

relatively uniform and close, it is due to the small thickness of quasi-liquid water and bound 

water layer. On the other hand, for the case in 270 K with more obvious distribution of three 

zones, as shown in Figure 5-16(e), the uppermost layer in quasi-liquid water contacting with 

vacuum has the most high mobility, and the density of quasi-liquid water zone fluctuates around 

1.0 g/cm3, which was close to that of free water. Moreover, the bound water with low velocity 

and relatively high density was due to the adsorbed effect by montmorillonite layer.  

 

 

Figure 5-16. Structure, velocity, and density distribution of oxygen atom (OTIP4P/ICE) 

in water-ice system at the end of simulations under different temperatures: (a) 230 

K, (b) 240 K, (c) 250 K, (d) 260 K, and (e) 270 K.  

 

To explore the motion path and dynamic strength of atom, the representative atoms trajectory 
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lines in three different zones during 50 ~ 100 ns at 260 and 270 K are displayed in Figure 5-17. 

As shown in Figure 5-17(a), at 260 K, the atoms in bound water and ice zones basically vibrate 

in their own position, while ate atoms in quasi-liquid water zone has a certain fluidity. At 270 

K, the fluidity of atom in bound water and quasi-liquid water zones increased, while that of ice 

zone was close to 0 (Figure 5-17(b)). 

 

 

Figure 5-17. Atom trajectory lines in three different zones during 50 ~ 100 ns (a) 

260 and (b) 270 K, where zone ⅰ (bound water), zone ⅱ (hexagonal and cubic ice), 

and zone ⅲ (quasi-liquid water) are corresponding to blue, green, and red line. 

 

Figure 5-18 shows MSD and diffusion coefficient of oxygen atom (OTIP4P/ICE) in water-ice 

system, which are used to describe its dynamic properties. As shown in Figure 5-18(a), the 

relationship of MSD in 270 K is approximately linear, especially in 50 ~ 100 ns, while the MSD 

along z-direction rapidly increases with time in 0 ~ 30 ns, which is due to the unstable of ice-

water phase transformation in Mt-water-ice system. Thus, the diffusion coefficient of OTIP4P/ICE 

atom was calculated from the slope of MSD and time in stable stage through eq. (6), displayed 

in Figure 5-18(b). 

As shown in Figure 5-18(b), the higher the temperature is, the more violent the thermal 

fluctuations of the atoms is. Thus, the overall diffusion coefficient rose exponentially with 
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increasing temperature. Moreover, the maximum overall diffusion coefficient of 0.658 × 10-10 

m2/s in 270 K was significantly less than that of bulk water (23 × 10-10 m2/s) at room temperature 

obtained from experiment [188], which was due to the existence of ice molecules with low 

liquidity and adsorption effect of clay to bound water in Mt-water-ice system. Furthermore, the 

diffusion coefficient along x- and y-direction was very close, and was greatly superior to that 

along z-direction. It meant that the liquidity along z-direction of OTIP4P/ICE in water-ice system 

was the lowest, owing to the absorption effect of montmorillonite to water-ice system. 

 

      

    (a) x-, y-, z-, and overall-MSD in 270 K                          (b) Diffusion coefficient           

Figure 5-18. Evolution of (a) MSD in 270 K and (b) diffusion coefficient (10-10 

m2/s) in 230 ~ 270 K of oxygen atom (OTIP4P/ICE) in water-ice system with time. 

Among them, the diffusion coefficient is obtained in stable stage through eq. (6), 

where the stable stage corresponded to the last 20 ns (130 ~ 150 ns) at 230 K, as 

well as the last 50 ns at 240 ~ 250 K (100 ~ 150 ns) and 260 ~ 270 K (50 ~ 100 ns). 

Moreover, the diffusion coefficient of bulk water is 23 × 10-10 m2/s in room 

temperature [188]. 

 

5.4 Conclusions 

Molecular Dynamics simulations have been performed to investigate the interfacial, structure, 

and dynamics properties of unfrozen water-ice onto montmorillonite surface, further revealing 

their phase transformation and composition behavior. This work could provide a new insight 

into the understanding of interaction between clay interface and unfrozen water-ice, clarifying 

the phase transformation process of unfrozen water-ice system onto montmorillonite interface 
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and structure evolution of whole system. The conclusions are obtained as follows: 

(1) Based on the simulation results and electrical double layer theory, a new division of 

microstructure of unfrozen water and ice onto clay particle was proposed and determined, which 

was “montmorillonite-bound water-cubic ice-hexagonal ice-cubic ice-‘quasi-liquid’ water-air”. 

(2) The presence of unfrozen water in frozen soil was mainly due to surface effect of clay, 

including coulomb electrostatic and van der Waals interaction, where coulomb electrostatic 

interaction was the main influencing factor. 

(3) With the increasing temperature, Hydrogen bonds in water-ice system could be broken 

due to thermal fluctuations, resulting in ice transforming into unfrozen water (containing bound 

and quasi-liquid water). Moreover, the transformation degree of ice into unfrozen water was 

relatively slow in 230 ~ 260 K, while exponentially rose in 260 ~ 270 K. 

(4) The structure property of this quasi-liquid water is intermediate between liquid free water 

and ice. 
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Chapter 6. Phase Transformation Evolution and Mechanical 

Properties of Bulk Ice under Tension at Nanoscale  IV 

 

Abstract 

The mechanical behavior of ice is complex, especially with the effect of temperature and 

pressure, which may significantly affect the safety in various engineering, where slow 

deformation of ice may bring more hidden, sudden, and severe damage. The mechanical 

behavior of ice-Ih under a low strain rate with the effect of temperature and confining pressure 

is still unclear, especially at the nanoscale. In this work, the tensile behavior of ice-Ih is 

investigated using Molecular Dynamics simulation method. The tensile test of ice-Ih was all 

performed along the y-direction ([0 1 0] crystal orientation) with a constant strain rate of 1×108 

s-1. The effect of temperature (73 to 270K with 1 atm), as well as the confining pressure (1 atm 

to 200 MPa, combined with 100 K, 150K, 200K, and 250 K) on the tensile behavior of ice-Ih, 

was studied, respectively. The tensile stress-strain response under different temperatures was 

obtained, and the linear relationship of temperature and Young’s modulus was consistent with 

other previous studies. The tensile strength of ice-Ih decreased linearly with increasing 

temperature under low strain rate, which is quite different from the cases under high strain rate. 

The solid-solid phase transformation was observed at 73 ~ 140 K, and the solid-liquid phase 

                                                 

IV This chapter is based on the following paper: Wei P, Zhuang D, Zheng Y, Zaoui A, and Ma W. Temperature 

and pressure effect on tensile behavior of ice-Ih under low strain rate: A molecular dynamics study[J]. Journal of 

Molecular Liquids, 2022,355:118945. 

Other relevant work concerning about mechanical properties of clay: 

Wei P, Zheng Y, Xiong Y, Zhou S, Al-Zaoari K, and Zaoui A. Effect of water content and structural anisotropy 

on tensile mechanical properties of montmorillonite using molecular dynamics[J]. Applied Clay Science, 

2022,228:106622.  

Wei P, Zheng Y, Zaoui A and Yin Z. Atomistic study on thermo-mechanical behavior and structural anisotropy 

of montmorillonite under triaxial tension and compression[J]. Applied Clay Science, 2023,233:106817.   
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transformation at 150 ~ 270 K, where more energy is required in completely solid-liquid phase 

transformation at 250 ~ 270 K than solid-solid phase transformation at 73 ~ 140 K. The 

evolution of total potential energy increment and structural failure with strain significantly 

depended on the phase transformation of ice-Ih. Moreover, the ice-Ih is earlier and more likely 

to be melted at higher confining pressure. 

Keywords: Ice-Ih; Molecular Dynamics; Temperature and pressure; Tensile failure 

mechanism; Phase transformation.  
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6.1 Introduction 

Ice is the second-largest massive solid in the lithosphere, and is an essential factor influencing 

the water cycle [189]. Recently, there has been a lot of exploration, development, and construction 

in areas dominated by ice. These activities provide various challenging engineering problems 

concerning ice [190], such as: (a) How to estimate the maximum force of ice that could withstand 

a structure? (b) How about the effect of human activity, temperature changes, and external 

loading on the stability of ice bodies, etc.? All these problems may be related to the deformation 

and strength of ice under external environmental factors. On the other hand, over 15 different 

solid-state crystal structures of ice have been identified depending on different temperatures 

and pressure conditions [191, 192], which causes the complexity of its mechanical behavior. 

Therefore, the dynamic mechanical behavior of ice has its scientific and engineering importance 

in plenty of diverse aspects, such as ice blasting, glaciology, global climate, geophysics, 

permafrost engineering, etc. [189, 193-195] Furthermore, the damage caused by the slow 

deformation of ice is more hidden, sudden, and severe. Thus, a better understanding of the 

mechanical properties of ice with a low strain rate is beneficial for disaster evaluation and 

mitigation of ice-shelves collapsing [196], permafrost engineering [197] accidents, the prediction 

of movement and breakup of glaciers [193]. 

  The mechanical properties of ice have been studied under different conditions via 

experiments, such as split Hopkinson pressure bar (SHPB) [195, 198-201] and Ground Penetrating 

Radar (GPR) [202], as well as computational simulations, such as finite element method (FEM) 

[203, 204]. Shazly et al. [199] studied the high strain-rate behavior of ice under uniaxial compression 

using a modified SHPB at 243 ~ 263 K with the strain rate in the range of 60 ~ 1400 s-1, and 

found that the compressive strength of ice rose when the strain rate increased or temperature 

decreased, which is similar to the experimental result described by Kim and Keune [198]. An 

anomalous temperature effect was found from a compressive experiment with high strain rates 

of 100 s-1 to 1350 s−1 [200], which obtained that the compressive strength of ice increased with 

decreasing the temperature at 148 ~ 258 K, and remained nearly unchanged at 100 ~ 148 K. 
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Elvin [203] reported Young’s modulus of ice without grain boundary is superior to that with grain 

boundary using FEM. Godio and Rege [202] focused on deriving the density and the bulk/shear 

modulus of snow through GPR, P-wave seismic data, and dispersive seismic surface waves. 

Although lots of works have focused on understanding the mechanical properties of ice at the 

macroscopic scale, the deformation and failure mechanisms of ice at the nanoscale are still very 

limited [193]. 

Molecular Dynamics (MD) simulation method is a good tool to study the microstructural 

evolution and mechanical mechanism of ice. Up to now, plenty of research has been devoted to 

studying nucleation and phase transformation [162, 167, 182], as well as adhesion [205, 206] of ice in 

the past few decades. In recent years, MD simulation method has been performed to investigate 

the microstructural evolution and mechanical mechanism of ice under different temperatures 

and external loading [189, 193, 207, 208]. Cao et al. [193] had studied the effect of grain size, grain 

boundary, and various loading modes on mechanical properties of bi- and poly-crystalline ice. 

Yin et al. [208] have investigated temperature-dependent phase transformation of ice-Ih under 

ultrafast uniaxial compression at 163 ~ 242 K, which showed the ice strength increasing with 

the decrease of temperature, and solid-solid/solid-liquid phase transformations depending on 

temperature. Chen et al. [189] explored the temperature effect on tensile strength of ice under 

shock loading with a high strain rate, and found the anomalous temperature effect, which is 

similar to the results found by Wu and Prakash [200]. Numerous MD simulations have been 

performed to study the mechanical behavior of ice under different temperatures and high strain 

rates, as well as its freezing/melting mechanism. However, the mechanical properties under 

uniaxial tensile and compression with confining pressure are more important for practical 

engineering. To the best of our knowledge, the effect of temperature and confining pressure on 

the tensile dynamic mechanical behavior of ice at a low strain rate is still unclear. Thus, some 

interesting questions arise: under tensile loading with a low strain rate, could the anomalous 

temperature effect still be found? Does the water-ice phase transformation depend on 

temperature, like the study of Chen et al. [189]? How does the confining pressure affect the 
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microstructure and failure path of ice? 

In this study, MD simulations have been performed to study the effect of temperature and 

confining pressures on the tensile mechanical behavior of hexagonal ice (ice-Ih), the most 

‘ordinary’ ice crystal on earth [201, 209]. The evolutions of Young’s modulus, the ultimate tensile 

strength, microstructure, and the phase transformation of ice-Ih with temperature have been 

studied. The confining pressure effect on the microstructure and mechanical strength of ice-Ih 

is also analyzed. 

6.2 Computational details 

6.2.1 System setup 

  The SPC/E water model [210] has been used for efficiently describing the properties of bulk 

water [211, 212] and the mechanical properties of ice under different loads [189, 208], which was 

applied in this work. The SPC/E water model has a rigid geometry with an angle of 109.47º and 

a bond length of 1.0 Å controlled by the SHAKE method [213]. The orthogonal ice-Ih system 

was built, with the dimension of the ice-Ih supercell set as 40.6 Å × 39.1 Å × 36.8 Å (Figure 

6-1(a)), including 1800 water molecules. The unit of ice-Ih model from Bernal et al. [175] is 

conducted in this study, which has a hexagonal symmetry with a space group of P6_3cm, 

including five water molecules and then forming an open tetrahedral crystal cell. 

 

 

Figure 6-1. Atomic structures of the ice-Ih model: (a) supercell structure; (b) applied 
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load for ice-Ih system, as well as Orthographic and Perspective view of ice-Ih, 

where σt and σc are tensile load and confining pressure, respectively. 

 

6.2.2 Relaxation and simulation details 

MD simulations in this study were performed with LAMMPS [50] code. Three-dimensional 

periodic boundary conditions, Lennard-Jones potential with a cut-off radius of 10.5 Å, and the 

Verlet algorithm [97] for the integral of motion equation were applied in the simulations. The 

Ewald method [98] with an accuracy of 1.0e-6 kcal/mol and a cut-off radius of 8.0 Å were 

conducted for long-range electrostatic interactions. The total potential energy was calculated by 

eq. (6-1).  

 bond stretch angle bend Coulomb VDWtotalE E E E E= + + +   
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                   (6-1)  

where Ebond stretch, Eangle bend, ECoulomb,
 and EVDW

 are bond stretch energy, angle bend energy, 

Coulombic energy, and Van der Waals energy, respectively. k1 and k2 are the force constants, 

and r0 represents the equilibrium bond length; 𝑟𝑖𝑗 is the distance between atoms i and j; θijk is 

the bond angle of hydrogen-oxygen-hydrogen, and θ0 represents the equilibrium bond angle; qi 

and qj are the charges of atoms i and j, respectively; ε0 is the dielectric constant; σ and ε are the 

size and energy parameters, respectively. Moreover, σij and εij can be obtained by Mixing 

Lorentz-Berthelot's law [48]. 

  During thermo-relaxation, the Nosé-Hoover method [214] was employed to control the 

temperature and pressure. The isothermal-isobaric (NPT) ensemble with the pressure of 1 atm 

was used during the thermo-relaxation process, where the time step was 1.0 fs. The ice-Ih 

system was firstly equilibrated for 200 ps, where the temperature rose from 1 K to 200 K. 

Thereafter, the system was relaxed for another 200 ps with 200 K and 1 atm. Afterward, the ice-

Ih system was heated or cooled to 11 different temperatures (73 ~ 270 K) for 100 ps. Finally, 

these systems were further equilibrated at their defined temperatures for 200 ps before loading. 
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It was sufficiently long for the ice-Ih system to reach equilibrium. 

 After relaxation, the tensile test was divided into two series: (1) To explore the effect of 

temperature on mechanical properties of ice-Ih, the tensile loading was applied for ice-Ih system 

at 11 different temperatures along the y-direction ([0 1 0] crystal orientation) under tensile strain 

rate 1 × 108 s-1 for 3 ns, so the total tensile strain was 0.3. During this tensile loading, the 

pressure in the x- and z-direction ([1 0 0] and [0 0 1] crystal orientation, respectively) remained 

unchanged, as 1 atm, as shown in Figure 6-1(b). (2) To investigate the coupling effect of 

temperature and confining pressure on the failure and deformation mechanism of ice-Ih, the 

temperature of 100, 150, 200, and 250 K, as well as confining pressure of 1 atm, 50, 100, 200 

MPa were combined to carry out the tensile tests along the y-direction under tensile strain rate 

of 1 × 108 s-1 for 3 ns. 

 

 

Figure 6-2. Evolution of tensile stress with strain for ice-Ih at 200 K under different 

strain rates. 

 

According to previous studies, the strain rate plays a significant role in the mechanical 

properties of ice [189, 199, 208]. The convergence test of tensile strain rate is first carried out in this 

work, where the relationship of tensile stress-strain at 200 K under different strain rates is shown 

in Figure 6-2. The higher the strain rate, the greater the mechanical strength of the ice-Ih, which 

agrees well with Yin et al. [208] and Shazly et al. [199]. Furthermore, the stress-strain curves 
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between strain rates of 5×107 s-1 and 1×108 s-1 are very close, which means that the tensile strain 

rate less than 1×108 s-1 has little influence on the tensile stress-strain relationship. To ensure the 

reliability of simulations and save the computation time, the tensile rate of 1×108 s-1 was 

selected in this work, the same as the strain rate applied to study the mechanical properties of 

bi- and poly-crystalline ice by Cao et al. [193]. 

6.3 Results and discussions 

6.3.1 Effect of temperature on atomic structure of ice-Ih 

The atomic structure of ice is significantly affected by temperature [208]. The atomic structure 

of ice-Ih after relaxation is studied in this section under different temperatures by calculating 

the side length, volume, density, radial distribution function (RDF), and order parameter (F3). 

As shown in Figure 6-3(a), the side length of three directions and the volume of the ice-Ih 

system could increase almost linearly with temperature. The order of the expansion rate of side 

length is z- > y- > x-direction. Moreover, as shown in Figure 6-3(b), the density of ice-Ih 

decreases with increasing temperature, which is in good agreement with the “thermal expansion 

and contraction” phenomenon [215]. 

 

   

           (a)                                                                             (b) 

Figure 6-3. Evolution of (a) the side length and the volume, as well as (b) the 

density of ice-Ih with temperature. 
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        (a)                                                                 (b) 

     

        (c)                                                                 (d) 

 

(e) 

Figure 6-4. Effect of temperature on RDFs of ice-Ih: (a) Global RDF; (b) Partial 

RDF of O-H; (c) H-H; (d) O-O atom pair, where RDF of bulk water acts as a 

comparison group; (e) evolution of the first peak of RDF of atom pair with 

temperature. 

 

The global, O-H, H-H, and O-O RDF of ice-Ih and bulk water under different temperatures 

are shown in Figure 6-4 (a) ~ (d), where the RDF of bulk water acts as a comparison group. 
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The peak number in the global, O-H, H-H, and O-O RDF curves decreases with increasing 

temperature. Especially, numerous peaks of RDF at 73 K are recognizable. As shown in Figure 

6-4 (a), although the long-range order of ice-Ih was still found at 250K, its degree of long-range 

order decreased with increasing temperature. It could indicate that the structure of ice-Ih before 

loading remained a solid phase. 

Moreover, as shown in Figure 6-4(e), in all these cases, the first peak of RDF decreases 

constantly with increasing temperature, which is consistent with the global RDF of ice in the 

range 73 ~ 200 K found by Chen et al. [189]. The distance of the first peak of RDF for O-O atom 

pair is 2.68 Å at 73 ~ 225 K, and rise to be 2.78 Å at 250 ~ 270K; but that of O-H and H-H 

remain unchanged, as 1.73 Å and 2.26 Å, respectively (See Figure 6-4(e)). No deformation can 

be found in the atomic structure of single water molecular, but the distance between water 

molecules increases with elevating temperature. Consequently, the atomic structure of ice 

generally becomes loose with increasing temperature, and then the ice expands. 

The F3 is used to describe the deformation of the atomic structure of ice-Ih in this study. As 

shown in Figure 6-5, the F3 increases with temperature for ice-Ih, but it is far inferior to 0.1 in 

all cases. The higher temperature, the greater the deformation of the lattice structure for ice-Ih. 

At 100 K, all lattice structure of ice-Ih remains essentially unchanged, showing as regular 

hexagon. Just a few ice-Ih structures could change, from regular hexagon to oblique hexagon, 

with increasing temperature from 100 K to 200 K. At 270 K, F3 rises to 0.015, much more 

important than other cases, because a little ice-Ih structure significantly changed from regular 

hexagon to heptagon, pentagon, and oblique hexagon. This is due to the degree of long-range 

order of ice-Ih decreasing with increasing temperature (Figure 6-4 (a)). 
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Figure 6-5. Evolution of order parameter (F3) with temperature for the ice-Ih after 

relaxation. 

 

6.3.1 Effect of temperature on tensile mechanical properties 

6.3.1.1 Tensile stress-strain response 

The stress-strain relationship under different temperatures is shown in Figure 6-6(a). As 

temperature increases, both the ultimate tensile strength and the ultimate tensile strain decline, 

indicating that the tensile mechanical properties of ice-Ih decrease with temperature. This 

phenomenon was also found in some previous researches, such as ice under compressive 

loading [208] and tensile loading [195], kaolinite under tensile load [216], as well as montmorillonite 

under complex conditions [217]. It illustrated that temperature plays a vital role in the mechanical 

behavior of ice, reducing the stability of the atomic structure. Moreover, the stress-strain curve 

was divided into three stages for better analysis, where the point O corresponds to the initial 

system without strain, and the point A, B, and C correspond to the tensile stage of ultimate 

tensile strength, under failure, and residual strength, respectively (Figure 6-6(a)). 

On the other hand, the total potential energy of ice-Ih rises due to an external tensile force 

acting on the system, as shown in Figure 6-6(b). The changing trend of total potential energy 
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increment was nearly similar to one of the stress-strain curves (Figure 6-6(a)) at 73 ~ 200 K. It 

generally rose in OA stage, and then rapidly decreased in AB stage, finally remaining stable in 

BC stage. However, at the temperature range of 225 K to 270 K, it is noted that the changing 

trend of total potential energy increment was significantly different: 1) at 225 K, it increased 

firstly in OA stage and then slightly declined in AB stage, following by constantly rose in BC 

stage; 2) at 250 ~ 270 K, it rapidly increased with tensile strain to a maximum value in OA 

stage, and then floating around the maximum value in AB and BC stage. This evolution is 

related to the structural failure of ice-Ih under the tensile process, which will be discussed in 

the next section. 

 

      

        (a)                                                                 (b) 

Figure 6-6. Evolution of (a) tensile stress and (b) total potential energy increment 

with strain for ice-Ih under different temperatures. 

 

Young’s modulus is obtained from the slope of the stress-strain curve (Figure 6-6(a)) at the 

strain of 0 ~ 0.05 in the elastic deformation stage. The Young’s modulus of ice-Ih decreases 

linearly with temperature, as shown in Figure 6-7(a). Moreover, as shown in Table 6-1, Young’s 

modulus in this work at 225 ~ 270 K are consistent with some previous simulation and 

experimental results, which were obtained by ultrasonic test [218], ground-penetrating radar 

(GPR) and seismic surveys [202, 219], MD simulation [193], finite element simulation (FEM) [203]. 

It could further validate the accuracy of the applied force field and established model. 
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As shown in Figure 6-7(b), the ultimate tensile strength declined linearly with increasing 

temperature, different from the previous result from Chen et al. [189], who found that the dynamic 

tensile strength of ice showed anomalous temperature effects (Pink dot in Figure 6-7(b)) under 

shock load with a high shock velocity. Although the evolution trend of ultimate tensile strength 

with temperature in this work is different from that of Chen et al. [189], its value is close, likely 

due to different loading modes and deformation rates. Moreover, at 225 K, the ultimate tensile 

strength of monocrystalline ice-Ih in this work is slightly superior to that of bicrystalline ice, 

and greatly more important than that of polycrystalline ice from Cao et al. [193]. It indicated that 

grain boundary reduced the mechanical properties of ice, which was consistent with Elvin [203], 

who found Young’s modulus of ice without grain boundary superior to that of grain boundary 

using FEM. On the other hand, the negative relationship between ultimate tensile strain and 

temperature is nearly linear, implying that the higher temperature, the earlier the ice system 

may be melted. 

  

   

 (a)                                                                (b) 

Figure 6-7. Effect of temperature on (a) Young’s modulus and (b) ultimate tensile 

strength as well as ultimate tensile strain of ice-Ih, where the “Chen et al., 2021” 

and “Cao et al., 2018” are corresponding to the literature [189] and [193], respectively. 
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 Table 6-1. Young’s modulus of ice at different temperatures compared to previous 

experimental and simulation results. 

Young’s modulus (GPa) Notes 

8.70, 8.16, 8.17, 7.46 
MD simulation results in this work, at 225, 250, 260, and 270 K, 

respectively. 

8.91 ~ 8.58 [218] Through the ultrasonic test, at 234 ~ 263 K. 

8.6 ~ 12 [202, 219] 
Through ground penetrating radar (GPR) and seismic surveys for 

monocrystalline ice, at a temperature near the melting point. 

7.6 ~ 9.1 [193] 
Using MD simulation method for bicrystalline ice under both tensile and 

compression with a strain rate of 1×108 s-1, at 223.15 K. 

7.83, 9.58 [203] 
Using finite element simulation (FEM) for polycrystalline ice, at 257.15 K, 

considering with/without grain boundary, respectively. 

6.0 ~ 12.0 [220] 

Measurements for the 0.5 and 1.2 m diameter plates for polycrystalline ice, 

at -7 ~ -37 ℃ (236 ~ 266 K), considering different temperatures, structural 

types, and grain sizes. 

3.0 ~ 9.0 [190] Young’s modulus of polycrystalline ice, at 263 K. 

9.1 ~ 9.5 [221] Through pulse-transmission method for polycrystalline ice, at 260 K 

 

6.3.1.2 Structural analysis of failure process 

Figure 6-8 shows the structural failure and F3 of ice-Ih at a tensile strain of 0.3 under different 

temperatures. Three failure forms could be observably divided. The solid phase exists at 73 ~ 

140 K, as shown in Figure 6-8(a), where the structure of ice-Ih illustrated delamination damage, 

divided into the upper- and lower- portions, which is significantly similar to the failure form of 

some solid material, such as dry clay minerals [95, 216]. Moreover, the F3 is less than 0.02 (Figure 

6-8(d)), and more complete ice-Ih crystal structure still exists in the non-fractured zone. The 

solid-liquid phase coexisted at 150 ~ 225 K, where local ice-Ih atoms were melted under tensile 

loading, showing the coexistence of liquid water and ice phase. Moreover, the evolution of the 

melted area and F3 of ice-Ih with temperature are close at 150 ~ 200 K, but those of 225 K 

rapidly increased, indicating that plenty of ice-Ih molecules is melted to liquid phase (Figure 

6-8(b)). The liquid phase exists at 250 ~ 270 K, where the ice-Ih system was melted completely, 

and F3 is nearly equal to 0.1, shown as liquid water phase (Figure 6-8(c)). 
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The solid-solid phase transformation at 73 ~ 140 K and solid-liquid phase transformation at 

150 ~ 270 K were observed. This finding agrees well with the finding of Yin et al. [208], that 

ultrafast uniaxial compression was carried out using MD simulation. In this work, the ice-Ih 

system was close to solid-like brittle material at 73 ~ 140 K and solid-like plastic material at 

150 ~ 225 K, showing brittle and plastic failure under tensile load, respectively. When the 

temperature was superior to 250 K, the ice-Ih system was easier to melt, indicating that the 

structural stability of ice-Ih was significantly affected by temperature. 

 

 

Figure 6-8. Structural failure diagram and order parameter (F3) of ice-Ih at a tensile 

strain of 0.3: (a) Solid phase, from 73 to 140 K; (b) Solid-liquid coexistence, from 

150 to 225 K; (c) Liquid phase, from 250 to 270 K; (d) F3-temperature curve. In 

Figures (a ~d), atoms are colored according to the the normalized spatial 

distribution of the local strain, with less deformation as blue and more deformation 

as red. The strain tensor was computed using OVITO [222], considering the 

neighboring atoms within a distance of 4.5 Å. 

 

On the other hand, there is a doubt whether the size effect affected the structural failure 

process of ice at 250 ~ 270 K. To this end, two established bigger ice-Ih models were conducted 
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for a tensile test at 260 K, including 5376 and 9720 water molecules, respectively. As shown in 

Figure 6-9 and Figure 6-10, the evolution of F3 with strain for three different size of ice-Ih 

models and their structural failure diagram are close, which could indicate that the size effect 

does not affect the structural failure process of ice-Ih. 

 

 

Figure 6-9. Evolution of F3 with strain for three different size of ice-Ih models at 

260 K. 

 

 

Figure 6-10. Structural failure diagram for three different size of ice-Ih models at 

260 K, corresponding to different tensile strains, including 0.05, 0.1, 0.2, and 0.3. 
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To further explore the failure process of the atomic structure of ice-Ih under different tensile 

strains, the system under four different temperatures is studied, as shown in Figure 6-11. In OA 

stage, the crystal structure of ice-Ih was slightly stretched, from orthohexagonal ice into ice-

variant. Afterward, in AB stage, the atomic structure of ice-Ih could be destroyed, showing 

different phase transformations under different temperatures. 

As shown in Figure 6-11(a), at 73 K, the delamination of ice-Ih crystal structure was suddenly 

apparent with strain from 0.19 to 0.191, showing hydrogen bond-breakage and a large crack in 

AB and BC stage. Moreover, Figure 6-11(e) shows the F3 less than 0.02 all the time. It showed 

brittle failure and solid-solid phase transformation, causing a loss of resistance to deformation. 

Thus, the residual strength was close to 0, corresponding to point C (Figure 6-6(a)).  

At 150 and 225 K (Figure 6-11(b) and (c)), local ice-Ih molecules could generally melt with 

increasing tensile strain. And the solid-liquid phase transformation constantly developed, where 

the melting migration direction of ice-Ih moved along its unmelted zone. It is noted that the 

angle of inclination of the water-ice phase boundary was similar to a shear angle of rock or soil 

material under shear load [223-225].  

At 250 K (see Figure 6-11(d)), ice-Ih molecules of over 50% were melted, and F3 is about 

0.05 at point B. When the strain is superior to 0.106, the F3 is close to 0.1 (Figure 6-11(e)), 

indicating almost completely melting for ice-Ih system. The solid-liquid phase transformation 

was earlier and more complete to occur at this temperature. It is why total potential energy 

increment rapidly increased, and then kept stable at 250 ~ 270 K (see Figure 6-6(b)). On the 

other hand, the process of completely solid-liquid phase transformation at 250 ~ 270 K needed 

more energy than solid-solid phase transformation at 73 ~ 140 K, as shown in Figure 6-6(b).  

Based on Figure 6-11(e) and Figure 6-6(b), the consistent evolution trend of total potential 

energy increment and F3 with tensile strain is found, indicating the changing energy depending 

on the deformation of atomic structure. Moreover, these failure forms of ice-Ih structure in this 

work differed from previous results [189, 208], which considered different loading types and strain 

rates. It implies that the load type and strain rate played a significant role in the failure form of 
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atomic structure. 

 

 

Figure 6-11. Evolution of atomic structure and order parameter (F3) with strain for 

different temperatures: (a) 73 K; (b) 150 K; (c) 225 K; (d) 250 K; (e) F3-strain 

curve.  

 

6.3.2 Effect of confining pressure on tensile mechanical properties 

6.3.2.1 Confining pressure effect on the stress-strain response 

The confining pressure is a significant factor in the mechanical properties of ice in practical 

engineering, such as excavating tunnels and underground caverns in the cold area. In this work, 

the confining pressure is applied to the ice-Ih system along the x- and z-direction, and tensile 

load for the y-direction. As shown in Figure 6-12, the ultimate tensile strength and the ultimate 

tensile strain of ice-Ih declined with increasing confining pressure. The higher the confining 

pressure, the earlier and easier the ice-Ih structure is to be melted. 

To precisely explore the effect of confining pressure and temperature on tensile mechanical 
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properties, the attenuation rate of the ultimate tensile strength of ice-Ih can be obtained by 

following equation. In this work, 𝜎𝑖 is the ultimate tensile strength at confining pressure of 1 

atm, and one of 50 ~ 200 MPa set as 𝜎𝑗. As shown in Table 6-2, the higher confining pressure 

or temperature, the more attenuation rate of ultimate tensile strength of ice-Ih. It indicated that 

temperature and confining pressure are critical factors for influencing the tensile mechanical 

properties of ice-Ih.  

 𝐷s  =  
𝜎𝑖 − 𝜎𝑗

𝜎𝑖
 ×  100%  (6-2) 

where Ds represents the attenuation rate, 𝜎𝑖 and 𝜎𝑗 are the ultimate tensile strength at different 

conditions. 

 

    

        (a)                                                                      (b) 

   

        (c)                                                                 (d) 

Figure 6-12. Evolution stress with strain under different confining pressures and 

temperatures: (a) 100K; (b) 150K; (c) 200 K; (d) 250 K. 
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Table 6-2. Attenuation rate Ds (%) of ultimate tensile strength of ice, 𝜎𝑖 is the 

ultimate tensile strength at the confining pressure of 1 atm, and one of 50 ~ 200 

MPa set as 𝜎𝑗.  

Confining pressure (MPa) 
Temperature (K) 

100  150  200  250  

50  1.412%  -0.589% 5.115% 14.943% 

100  4.812%  4.934% 11.635% 22.414% 

200  8.159% 10.383% 21.866% 37.931% 

 

6.3.2.2 Confining pressure effect on microstructure during failure process 

  To analyze the effect of confining pressure combined with temperature on the microstructure 

of ice-Ih, the structural failure diagram at a tensile strain of 0.3 and F3-strain curve is shown in 

Figure 6-13. The solid-solid phase transformation was observed at 1 atm ~ 100 MPa and 100 

K, but the solid-liquid phase transformation was shown in other cases. In Figure 6-13(a), at 

confining pressure of 1 atm ~ 100 MPa and 100 K, the whole layer delamination is found, so 

that the ice-Ih system loses its resistance to deformation in the z-direction. This is why the 

residual strength of ice-Ih is close to 0 in BC stage (Figure 6-12(a)). 

As shown in Figure 6-13(a) ~ (c), at 200 MPa and 100 K, and all confining pressure and 150 

K, as well as 1 atm ~ 100 MPa and 200 K, the residual strength of all above conditions are 

superior to 0 (Figure 6-12(a) ~ (c)), indicating that these ice-Ih systems still can resist 

deformation. It is due to the F3 less than 0.06, that some ice-Ih atoms remained relatively intact 

in the unmelted zone. Furthermore, as shown in Figure 6-13(a), the high confining pressure 

promoting the solid-solid phase into the solid-liquid phase transformation is found at 100 K and 

confining pressure from 100 to 200 MPa. 

As shown in Figure 6-13(c) ~ (d), at 200 MPa and 200 K, as well as all confining pressure 

and 250 K, their residual strengths are less than 0 (Figure 6-12(c) and (d)). At all confining 

pressure and 250 K (Figure 6-13(d)), the ice-Ih system is quickly melted from solid to liquid 

phase, and F3 increases rapidly to around 0.1, resulting in losing the ability to resist deformation. 

On the other hand, at 200 MPa and 200 K, it is noted that the ice-Ih system did not melt entirely 
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into liquid phase, but the upper- and lower- melted zones in the ice-Ih system have been already 

connected (Figure 6-13(c)), resulting in becoming a mostly failure system. Thus, the F3 

increased again with a higher rate when the tensile strain was greater than 0.125. 

 

 

Figure 6-13. Structural failure diagram of ice-Ih at a tensile strain of 0.3 and the 

evolution of order parameter (F3) with strain under different confining pressures (1 

atm ~ 200 MPa) at temperatures: (a) 100 K; (b) 150 K; (c) 200 K; (d) 250 K. 

 

  Figure 6-14 shows the relationship between volumetric and axial strain under different 

temperatures and confining pressures. As shown in Figure 6-14(a), at solid-solid phase 
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transformation (corresponding to 100 K and 1 atm ~ 100 MPa), the volumetric strain slowly 

increased with axial strain from 0 to 0.18 in OA stage, followed by rapidly increased in AB 

stage, finally rose under a certain speed in BC stage (marked in Figure 6). This failure process 

of ice-Ih structure was similar to one of solid-like material, so that the simulation box in x- and 

z-direction remained unchanged, but that of y-direction could significantly change with tensile 

load (see Figure 6-13(a)).  

 

   

         (a)                                                                      (b) 

   

        (c)                                                                   (d) 

Figure 6-14. Evolution of volumetric strain with axial strain under different 

confining pressures and temperatures: (a) 100K; (b) 150K; (c) 200 K; (d) 250 K.  

 

However, for other cases, the volumetric strain slowly rose in OA stage (see Figure 6), 

indicating the simulation box expanded along the tensile direction. And then, with increasing 
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axial strain, some ice-Ih crystal could be melted as liquid water, leading to more shrinkage of 

simulation box in x- and z-direction. Thus, the ice-Ih system was constantly shrinking after OA 

stage (Figure 6-14), where the AB stage was the most obvious, followed by BC stage. It could 

conclude that the higher confining pressure or temperature, the more significant shrinking of 

the ice-Ih system. 

6.4 Conclusions 

Molecular Dynamics simulations have been performed to investigate the tensile mechanical 

behavior of ice-Ih described by SPC/E model under different temperatures and confining 

pressures. This work could provide an insight into the understanding of ice science under low 

strain rates. The conclusions are obtained as follows: 

(1) The Young’s modulus, ultimate tensile strength, and ultimate tensile strain of ice-Ih 

decrease linearly with increasing temperature, indicating that temperature reduces the 

mechanical stability of the atomic structure. Moreover, the number of RDF peaks for global, O-

H, H-H, and O-O atom pairs decrease with increasing temperature. It indicates that the higher 

temperature, the looser the atomic structure of ice-Ih, and the earlier and easier the ice-Ih system 

is melted. 

(2) The strain rate plays an essential role in the relationship between mechanical strength and 

temperature. The temperature effect under tensile loading with a low strain rate is different from 

the previous result of Chen et al. [189] and Wu et al. [200], who found an anomalous temperature 

effect under shock- and compressive-load with a high strain rate, respectively.  

(3) The solid-solid phase transformation of ice-Ih is observed at 73 ~ 140 K, and the ice-Ih 

system is close to solid-like brittle material, showing brittle failure under tensile loading. The 

solid-liquid phase transformation is shown at 150 ~ 270 K, and the ice-Ih is similar to solid-like 

plastic material, where the ice-Ih system was easier to melt at temperature superior to 250 K. 

(4) The evolution of total potential energy increment with strain is significantly related to the 

phase transformation of ice-Ih under the failure process. The evolution of total potential energy 
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increment with strain for ice-Ih is mostly similar to that of the stress-strain curve at 73 ~ 200 K, 

due to solid-solid phase transformation or slight solid-liquid phase transformation. However, 

its anomalous change is observed at 225 ~ 270 K due to the earlier and more complete solid-

liquid phase transformation. 

(5) The confining pressure could reduce the mechanical properties of ice-Ih: the higher 

confining pressure, the earlier and more likely to be damaged for the ice-Ih structure. Moreover, 

the higher confining pressure could easily promote the solid-solid phase transformation into 

solid-liquid phase transformation at 100 K. Furthermore, at 100 K and confining pressure of 1 

atm ~ 100 MPa, the volumetric strain of ice-Ih increased with strain. However, at other higher 

temperatures and confining pressure, the higher confining pressure or temperature, the more 

significant shrinking for ice-Ih. 
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Chapter 7. Summary and perspectives 

 

7.1 Summary 

This PhD dissertation is devoted to investigating the interfacial and frictional properties of 

expansive soil minerals and the deformation mechanism of bulk ice system through molecular 

dynamics (MD) simulation method. The main conclusions are obtained as following: 

 (1) The friction models of hydrated montmorillonite and quartz-quartz/clay-(water) 

interface were established, to reveal their friction mechanism in nanoscale and explore the 

nanotribology of geotechnical materials: (a) The low friction coefficient of 0 ~ 30% hydrated 

montmorillonite was 0.058 ~ 0.17, which was consistent with the previous simulation and 

experimental results, verifying the weak friction properties of montmorillonite. (b) The stick-

slip effect existed during the friction process between soil/rock particles at nanoscale, it also 

was affected by normal load, sliding velocity, hydration, etc. (c) The increase of clay content 

could reduce the frictional strength of the mixture of quartz-clay. Similarly, the interlayer water 

could greatly weaken the interaction between clay layers. (d) The relationship between shear 

load and normal load for hydrated montmorillonite and quartz-quartz/clay-(water) interface was 

approximatively linear in nanoscale friction. (e) For quartz-montmorillonite system with 

different interlayer cations, the higher the radius of cation, the lower the friction coefficient, 

and the higher the cohesion. 

(2) The Montmorillonite-unfrozen water-ice system was constructed to clarify the phase 

transformation process and structure changing of unfrozen water and ice on 

montmorillonite interface in microscale: (a) For the microstructure of unfrozen water and ice 

on clay particles, the division of “montmorillonite-bound water-cubic ice-hexagonal ice-cubic 

ice-‘quasi-liquid’ water-air” was determined. (b) The surface effect of clay is the main reason 

for the presence of unfrozen water in frozen soil, mainly including coulomb electrostatic and 

van der Waals interactions, where coulomb electrostatic interactions dominated. (c) With the 

increase in temperature, hydrogen bonds in ice system were broken due to thermal fluctuations, 

leading to the gradual transformation of ice into liquid water. 

(3) The deformation and failure mechanism and phase transformation process of bulk 

ice system was studied, considering the coupling effect of temperature and pressure: (a) 

For bulk ice system, the solid-solid phase transformation was found at 73 ~ 140 K, and solid-

liquid at 150 ~ 270 K. (b) The higher temperature, the looser the atomic structure of ice-Ih, and 
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the earlier and easier the ice-Ih system was melted. (c) The higher confining pressure, the earlier 

and more likely to be damaged for the ice-Ih structure. 

7.2 Main innovation points 

 (1) MD simulation methods was applied to study geotechnical engineering problems, aiming 

to: a) elucidate the fundamental mechanism, b) explain experimental phenomena or data, and 

c) predict the behavior of materials. This work provided atomic/molecular level theoretical 

basis for studying the friction mechanism between expansive soil mineral particles and their 

interface properties.  

(2) The friction models of hydrated montmorillonite and clay-quartz at microscale were 

proposed, and the relationships between their friction and normal load, sliding velocity, water 

content were determined. The friction mechanism of their interface in nanoscale was revealed, 

and the nano-tribology of geotechnical engineering materials was developed. 

(3) The phase transformation process and structure composition of unfrozen water and ice on 

montmorillonite interface at microscale were clarified, and the deformation mechanism of bulk 

ice was revealed. This study provided a theoretical basis for the macroscale characterization of 

ice-water phase transformation in expansive soil minerals to establish the "micro-macro" 

theoretical relationship in frozen soil mechanics. 

7.3 Prospect 

The classical MD simulation method was used to study the interfacial and frictional 

properties of expansive soil minerals, as well as the deformation mechanism of bulk ice system, 

revealing the nanoscale friction and ice-water phase transformation mechanism on its interface. 

However, there are still some shortcomings in the work. Therefore, the following perspectives 

are proposed: 

(1) This PhD dissertation lacked some relevant experimental data due to time constraints. 

Currently, more comparative analyses were based on previous research results to verify the 

accuracy of the established model. 

(2) Expensive soil contained various minerals, not only montmorillonite, kaolinite, quartz, 

etc. At present, most of the studies were conducted for one or two mineral systems, which 

cannot objectively reflect the actual soil conditions. Moreover, the heterogeneity and 

complexity of geotechnical materials are a big challenge for atomic models in nanoscale, so it 

is necessary to develop appropriate multi-scale research methods. 

 (3) Developing multi-scale research methods: (a) developing coarse-grained molecular 
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dynamics and near-field dynamics, and establishing coarse-grained models of geotechnical 

materials to develop towards a larger scale. (b) Developing a new ReaxFF force field suitable 

for montmorillonite system: At present, CLAYFF force field was more used to describe the 

interaction of clay minerals, but it cannot reflect the process of bond fracture and rearrangement. 

If the chemical reaction between different substances (i.e., bond fracture and formation) is to 

be considered, the ReaxFF force field must be employed. However, the current ReaxFF force 

field could only be used to describe kaolinite or montmorillonite without isomorphic 

substitution (i.e., pyrophyllite). Therefore, it is necessary to develop a new ReaxFF force field 

suitable for the montmorillonite system after isomorphic substitution. 

(4) Continuing to explore the nano-tribology of geotechnical materials: the research on the 

friction behavior of clay minerals in microscale is a new field that needs to be developed 

urgently. The primary analysis is the interface friction of hydrated montmorillonite and clay-

quartz-(water) system, and the friction characteristics between clay minerals with weak friction 

properties and other minerals (e.g., quartz) are also worth exploring. This is of great significance 

for understanding the properties of seismic fault zones or the creep of natural faults. 

(5) Exploring the issue of ice water phase transition between clay nanopores: In actual frozen 

soil, there is still interaction between soil particles. Therefore, it is necessary to study the ice-

water phase transition process and the distribution of unfrozen water and ice between clay 

nanopores, and establish a system - "clay-unfrozen water-ice-unfrozen water-clay". 
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