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Abstract 

The study of pile-soil systems is of paramount importance in the field of geotechnical 

engineering, as it is directly related to the stability and reliability of structures and infrastructure. 

This work investigates the mechanical behavior in pile-soil systems, with a focus on fiber-

reinforced polymer (FRP) piles and rubber-soil mixes (RSM).  

Three main aspects are investigated using molecular dynamics (MD) simulations. First, 

the evolution of interfacial friction between the FRP pile and clay plays a critical role in 

determining the pile shaft resistance. Friction properties at the FRP pile-clay interface are 

studied using a kaolinite-epoxy model, which yields a calculated work of adhesion value of 159 

mJ/m2. The peak interfacial shear coefficients decrease nonlinearly with increasing normal 

stress. The interfacial friction process is characterized by its velocity-dependent with distinct 

velocity ranges, and these characteristics are captured by the extended Bell theory. It is observed 

that stick-slip motion manifests itself exclusively in scenarios with lower sliding velocities. This 

observed trend of increasing energy barriers with increasing normal stresses highlights the 

increased pulling forces required to induce FRP sliding along the clay interface under higher 

normal stress conditions.  

Second, it is necessary to determine friction behavior of FRP pile in the marine 

environment due to the characteristics of the pile-soil interaction. MD simulations are used to 

investigate the interfacial friction at the FRP pile-sand interface under various dry, pure water, 

and salt water conditions. A cross-linked epoxy resin is synthesized to study its interactions 

with crystalline silica. Friction force-displacement relationships show distinct nonlinear and 

steady-state phases. Tangential stiffness profiles, especially at lower normal stress levels, show 

faster reductions to reach the steady-state. Water molecules act as lubricants, with NaCl ions 

affecting their effectiveness. Dry systems have the highest coefficient of friction, followed by 

salt water and pure water systems. 

Third, the influence of clay minerals on soil frictional strength and system stability in the 

context of earthquake mechanics is essential for the RSM system. The interaction at the 

rubber/soil interface is studied within RSM using MD simulations. Friction force increases with 
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sliding distance and normal stress, which is consistent with the friction behavior between 

natural soils. Compaction of rubber and clay increases friction forces and improves engineering 

properties. Rubber particles reduce stick-slip motion at the montmorillonite-rubber interface, 

providing a damping effect that reduces stick-slip vibration during sliding. Interfacial 

parameters and friction coefficients are determined and agree with experimental data, 

improving the understanding of RSM behavior and applications in soil foundations. 

Another important aspect is investigated based on the finite element (FE) method. 

Predicting pile behavior under extreme loads is an essential design consideration. In this study, 

an efficient integrated pile-soil element is introduced to simulate the pile behavior while taking 

into account the nonlinearity of the soil and pile material. The plastic hinges and soil springs 

are integrated into the proposed element formulations, so that one element type is sufficient to 

conveniently simulate the nonlinear pile-soil interactions. A Python program has been 

developed based on the FE method, and the detailed analysis procedure is given. Validation 

with field tests demonstrates its accuracy for analyzing the pile behavior under lateral and axial 

loads.  

 

Keywords: FRP pile; sand; clay; interface friction; rubber-soil mixtures; molecular 

dynamics; finite element method. 
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Résumé 

L'étude des systèmes pieux-sol est d'une importance capitale dans le domaine de 

l'ingénierie géotechnique, car elle est directement liée à la stabilité et à la fiabilité des structures 

et des infrastructures. Ce travail étudie le comportement mécanique des systèmes pieux-sol, en 

se concentrant sur les pieux en polymère renforcé de fibres (FRP) et les mélanges caoutchouc-

sol (RSM). 

Trois aspects principaux sont étudiés à l'aide de simulations de dynamique moléculaire 

(MD). Tout d'abord, l'évolution du frottement interfacial entre le pieu FRP et l'argile joue un 

rôle essentiel dans la détermination de la résistance de l'arbre du pieu. Les propriétés de 

frottement à l'interface entre le pieu FRP et l'argile sont étudiées à l'aide d'un modèle kaolinite-

époxy, qui donne une valeur calculée du travail d'adhésion de 159 mJ/m2. Les coefficients de 

cisaillement interfaciaux maximaux diminuent de manière non linéaire avec l'augmentation de 

la contrainte normale. Le processus de frottement interfacial est caractérisé par le fait qu'il 

dépend de la vitesse avec des plages de vitesse distinctes, et ces caractéristiques sont prises en 

compte par la théorie de Bell étendue. On observe que le mouvement de stick-slip se manifeste 

exclusivement dans les scénarios où les vitesses de glissement sont faibles. Cette tendance à 

l'augmentation des barrières énergétiques avec l'augmentation des contraintes normales met en 

évidence l'augmentation des forces de traction nécessaires pour induire le glissement du FRP le 

long de l'interface avec l'argile dans des conditions de contraintes normales plus élevées. 

Deuxièmement, il est nécessaire de déterminer le comportement du frottement des pieux 

en FRP dans l'environnement marin en raison des caractéristiques de l'interaction entre les pieux 

et le sol. Des simulations MD sont utilisées pour étudier le frottement interfacial à l'interface 

pile FRP-sable dans diverses conditions de sécheresse, d'eau pure et d'eau salée. Une résine 

époxy réticulée est synthétisée pour étudier ses interactions avec la silice cristalline. Les 

relations force-déplacement de frottement présentent des phases non linéaires et stables 

distinctes. Les profils de rigidité tangentielle, en particulier à des niveaux de contrainte normale 

plus faibles, montrent des réductions plus rapides pour atteindre l'état d'équilibre. Les molécules 

d'eau agissent comme des lubrifiants, les ions NaCl affectant leur efficacité. Les systèmes secs 
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ont le coefficient de frottement le plus élevé, suivis par les systèmes à l'eau salée et à l'eau pure. 

Troisièmement, l'influence des minéraux argileux sur la résistance au frottement du sol et 

la stabilité du système dans le contexte de la mécanique des tremblements de terre est essentielle 

pour le système RSM. L'interaction à l'interface caoutchouc/sol est étudiée dans le cadre de 

RSM à l'aide de simulations MD. La force de frottement augmente avec la distance de 

glissement et la contrainte normale, ce qui est cohérent avec le comportement de frottement 

entre les sols naturels. Le compactage du caoutchouc et de l'argile augmente les forces de 

frottement et améliore les propriétés techniques. Les particules de caoutchouc réduisent le 

mouvement de stick-slip à l'interface montmorillonite-caoutchouc, fournissant un effet 

d'amortissement qui réduit la vibration de stick-slip pendant le glissement. Les paramètres 

interfaciaux et les coefficients de frottement sont déterminés et concordent avec les données 

expérimentales, ce qui améliore la compréhension du comportement du RSM et les applications 

dans les fondations des sols. 

Un autre aspect important est étudié sur la base de la méthode des éléments finis (FE). La 

prévision du comportement des pieux sous des charges extrêmes est une considération 

essentielle de la conception. Dans cette étude, un élément pieu-sol intégré efficace est introduit 

pour simuler le comportement du pieu tout en tenant compte de la non-linéarité du sol et du 

matériau du pieu. Les charnières plastiques et les ressorts du sol sont intégrés dans les 

formulations de l'élément proposé, de sorte qu'un seul type d'élément suffit pour simuler 

commodément les interactions non linéaires entre le pieu et le sol. Un programme Python a été 

développé sur la base de la méthode FE, et la procédure d'analyse détaillée est donnée. La 

validation par des essais sur le terrain démontre sa précision pour l'analyse du comportement 

des pieux sous des charges latérales et axiales. 

 

Mots clés: Pile FRP; sable; argile; frottement d'interface; mélanges caoutchouc-sol; 

dynamique moléculaire; méthode des éléments finis. 
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General introduction 

Pile foundations, which serve as a widely used form of foundation, find extensive 

application in various engineering structures including buildings, bridges, wind turbines, and 

more [1]. The fundamental role of pile foundations is to provide structural stability by 

transferring loads from the superstructure through the piles into the underlying soil. The study 

of the performance of pile-soil systems is of paramount importance in the field of geotechnical 

and foundation engineering, as it is directly related to the stability and reliability of structures 

and infrastructure. 

The design of pile foundations requires consideration of both geotechnical and structural 

strength requirements [2]. Geotechnical strength refers to the ability of the soil to support the 

loads transferred by the pile foundation without damage to the soil, while structural strength 

guarantees the stability of the pile under the intended loads. In addition, serviceability of pile 

foundations requires that total deformation and uneven settlement remain below acceptable 

limits. 

However, engineering geological conditions have become increasingly complex, 

particularly those characterized by deep earth and deep-sea conditions. Pile foundation 

performance is significantly influenced by soil properties [3]. Different geological conditions 

can lead to complicated consequences within pile-soil systems. Corrosion of pile foundations 

in seawater or highly corrosive environments is a major challenge. In soft soils, pile foundations 

are susceptible to problems such as settlement and deformation. Seismic loading has the 

potential to induce failure in the foundation soil, causing instability within the pile foundation 

structure. 

These challenges increase the demands on the design of the pile-soil system. With respect 

to piles, this demand has led to the emergence of fiber-reinforced polymer (FRP) piles, which 

can offer corrosion resistance, durability, and mechanical strength. In order to promote the 

wider use of FRP piles in marine infrastructure, the study of the interfacial behavior between 

pile material and soil is essential in determining the loading bearing capacity of pile foundations. 

With respect to the soil, the use of rubber soil mixtures (RSM) as seismic isolation systems has 
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gained increasing attention. These mixtures are used to replace natural foundation soils, thereby 

reducing structural response during earthquakes and increasing foundation stability. 

Consequently, to ensure the stability of the pile-soil system with FRP pile or RSM, a 

comprehensive understanding of the load-bearing mechanism of pile foundations and the 

mechanical properties of the soils surrounding the pile is essential. Such an understanding 

facilitates the rational analysis and design of pile foundations to meet the complexities of 

engineering environments.  

In this thesis, the initial focus is to investigate the interface friction behavior between FRP 

piles and soil (including both clay and sand) using molecular dynamic (MD) simulations. This 

analysis aims to improve the predictive capabilities for understanding FRP pile-soil interactions. 

Then, MD simulations will be also used to investigate the complex interactions at the rubber-

clay interface within the RSM system. The goal is to gain insight into the potential mitigating 

the foundation response under dynamic loading. Finally, an integrated pile-soil element is 

developed to efficiently simulate the nonlinearity of the soil and pile materials using the finite 

element (FE) method in engineering-scale problems. The formulations of this proposed method 

and the numerical solution procedure for calculating pile responses are provided. 

The thesis is divided into two parts: Part I is devoted to theory, while Part II presents the 

results of the analysis and the ensuing discussion. 

The first chapter provides an introduction to the pile-soil system and explains load-bearing 

mechanism of the pile under vertical and lateral load. It also introduces to corrosion-resistant 

FRP piles and discusses the complex mechanical behavior that occurs at the soil/pile interface. 

The chapter continues with an examination of soil types and their chemical structures, including 

sandy and clay soils, and an innovative ground improvement approach: the use of RSM for pile 

foundations. 

The second chapter introduces the FE method, a numerical technique for solving complex 

engineering and scientific problems. The basic steps of the method are highlighted, including 

problem solving procedures. In addition, the discussion extends to the efficiency of using 

specific element types to simulate the pile-soil system. The chapter also introduces the basic 
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process of the MD method, along with related concepts such as boundary conditions, ensembles, 

energy minimization, relaxation, and steered molecular dynamic. The potential function and 

related parameters within the ClayFF and CVFF force fields are described. 

The third chapter focuses on the critical role of interface friction between FRP piles and 

clay in determining pile shaft resistance at the nanoscale. The geotechnical importance of the 

soil/pile interface shear strength for the design of FRP piles embedded in clay is emphasized. 

The axial load transfer behavior and shear performance between FRP and clay are investigated 

using MD simulation. The study focuses on the interaction between kaolinite (representative of 

soft clay) and epoxy in the MD simulation, investigating the effects of normal stress and sliding 

velocity on the friction characteristics.  

The fourth chapter focuses on investigating the interfacial friction behavior between FRP 

piles and sand at the nanoscale using MD simulations. The aim of the study is to understand 

how different factors influence the friction behavior in the seawater environment. Cross-linked 

epoxy resin and crystalline silica substrate models are used to simulate the friction 

characteristics under different conditions, including the dry, pure water, and salt water systems.  

The fifth chapter deals with the phenomenon of interaction between rubber and clay in 

RSM. The research aims to understand the mechanical properties of the RSM and support its 

application in improving seismic resistance and mitigating the structure response through the 

MD simulations study. These simulations investigate the friction behavior between rubber and 

clay at the rubber-clay interface within the RSM. The available experimental results are used to 

evaluate with the accuracy of the calculated results. 

The sixth chapter focuses on the accurate prediction of pile behavior under extreme 

loading conditions in engineering design. It highlights the challenges of modeling pile-soil 

interaction and material inelasticity in conventional numerical models using a large number of 

elements. To address this, the chapter presents a novel approach using an integrated pile-soil 

element that efficiently captures structural inelasticity and nonlinearity. This element 

incorporates zero-length plastic hinges to account for inelastic pile behavior and soil springs to 

represent nonlinear pile-soil interactions. By integrating these features into the element 
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formulation, it provides a convenient and accurate way to simulate the behavior of the pile-soil 

system. The chapter will provide the formulation of the proposed method and the numerical 

solution procedure for geometrically nonlinear analysis. The proposed method is compared with 

existing solutions and validated through field tests of axially and laterally loaded piles.  

In the end, a summary of the thesis will be given. 
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Chapter 1. Overview on the pile-soil system 

1.1 General Introduction about the pile foundation 

1.1.1 Development of pile foundation 

To address the challenges posed by inadequate foundation bearing capacity, the 

predominant approach is to use piles to provide essential structural support for the 

superstructure. This employment of piles can mitigate and minimize the settlement of the 

superstructure, thus ensuring the stability of the entire structure [4]. The applications of pile 

foundations are closely related to the development of various structures such as high-rise 

buildings, wide span bridges, high-speed railways, offshore platforms and others. According to 

the characteristics of different pile materials, piles can be classified into several categories such 

as timber piles, concrete piles, steel piles, and composite piles.  

For centuries, timber piles (Figure 1-1(a)) have been the most commonly used pile type 

for a variety of large civil engineering structures [5]. The construction of timber piles is 

facilitated by their convenient accessibility and ease of processing and transportation. However, 

due to their limited load-bearing capacity and susceptibility to corrosion, timber piles have 

gradually been replaced by concrete and steel piles. 

Concrete piles (Figure 1-1(b)), widely used in the field of pile foundations, offer the 

advantages of high strength, corrosion resistance, convenient construction, and economical cost. 

The evolution of concrete piles has been characterized by a gradual development from the initial 

cast-in-place concrete piles to the subsequent emergence of precast and prestressed concrete 

pile technologies. Concrete piles could be precast in various structural forms to meet the 

requirements of the applied loads and the engineering geological conditions. 

Steel piles (Figure 1-1(c)) include steel H-piles, steel pipe piles, etc. Compared with 

concrete piles, steel piles offer superior tensile strength and reduced susceptibility to damage 

during handling and installation [6]. Steel pipe piles, which are constructed from seamless steel 

pipes, which provide excellent strength and facilitate seamless penetration during pile driving, 

thereby minimizing the impact on adjacent structures. However, the cost implications 
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associated with steel piles and their inherent susceptibility to corrosion limit their use in marine 

environments [7, 8]. 

 

 

(a) Timber piles [9] 

 

(b) Concrete piles [10] 

 

(c) Steel piles [11] 
 

(d) FRP piles 

Figure 1-1 Different pile types and materials 

 

Composite piles are made of mixed materials, including concrete-steel tubular piles and 

fiber-reinforced plastic (FRP) piles (Figure 1-1(d)). These different types of piles offer unique 

advantages designed for specific engineering contexts. In recent decades, FRP has been 

increasingly used in a number of fields, such as geotechnical engineering [12]. The advantages 

of FRP piles over conventional piles are their corrosion resistance, excellent strength-to-weight 

ratio, and low maintenance requirements. Recently, extensive research has been conducted on 

various aspects of FRP piles, including their different types, structural and geotechnical 

properties, installation methods, and load-bearing characteristics [6, 13, 14]. 
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Due to the increasingly complex engineering geological conditions, there is a need to 

develop innovative types of pile foundations, such as FRP piles, to meet construction 

requirements. To meet these challenges, extensive research into structural compositions, 

advanced materials and contact mechanisms in pile-soil systems is being carried out using 

numerical simulation methods. 

 

1.1.2 Load-bearing mechanism of pile 

In practice, a single pile is subjected to a variety of external forces, including axial loads 

from the superstructure, as well as lateral loads from various sources such as waves, wind, soil 

pressure, ship and vehicle impacts [15]. Based on the different load transfer mechanisms, pile 

foundations are divided into two basic categories: laterally loaded piles and vertically loaded 

piles.  

In response to the application of external loads, the behavior of laterally loaded piles 

results in the generation of a lateral soil resistance. As shown in Figure 1-2, this resistance 

involves a complex interaction of active soil pressure, passive soil resistance, and horizontal 

friction forces between the pile and its surrounding soil. The application and design of pile 

foundations in projects such as harbors, pits, and bridges, where lateral loads have a significant 

influence on pile behavior, require careful consideration of the lateral load-bearing mechanism 

of pile foundations. In the field of laterally loaded pile analysis, the p-y curve has become a 

widely used and well documented tool that is prominently featured in major design codes such 

as the American Petroleum Institute (API) code [16]. The p-y curve is used to describe the 

relationship between the lateral deflection experienced by the pile and the corresponding lateral 

soil resistance. In particular, the use of p-y curves fitted to different soils (sand and clay) 

facilitates the determination of critical parameters such as lateral restraint stiffness and soil 

resistances. This approach plays a fundamental role in capturing the complex interaction 

between soil and pile and the structural response to lateral loading. The p-y curve has 

demonstrated its reliability in the design evaluation of laterally loaded piles. 
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Figure 1-2 Schematic behaviors of the laterally loaded pile and its p-y curves 

Vertically loaded piles experience axial displacement under axial loading, which creates 

axial resistance from the surrounding soil. This is manifested as vertical friction resistance along 

the pile length and soil resistance at the pile tip. The mechanical response of pile foundations 

to axial loading is primarily characterized by parameters such as settlement, axial force 

distribution, and axial bearing capacity. Friction piles tend to reach their ultimate limit state 

primarily due to soil failure surrounding the pile. Conversely, end bearing piles are more 

susceptible to structural limit state failures such as pile buckling, especially when the pile tip is 

located in hard soil or bedrock. Analogous to the well-established p-y curve for lateral load 

analysis, the t-z curve describes the correlation between the mobilized unit skin friction and the 

axial displacement along the pile length, providing critical insight into the axial load transfer 

mechanism within the pile-soil interface [17]. At the same time, the Q-z curve serves as a tool 

to capture the interaction between the mobilized ultimate bearing capacity and the axial 

displacement at the pile tip [18]. The failure mode of the vertically loaded piles is determined 
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by factors such as the shear strength of the soil surrounding the pile, the bearing capacity of the 

soil layers, and the geometry and properties of the pile. The axial capacity of a pile is influenced 

by two main factors: (1) pile strength, where inadequate strength can result in compromised 

structural stability under load; and (2) pile-soil interaction, which causes relative displacement 

between the pile and the surrounding soil, ultimately resulting in soil failure around the pile. 

Consequently, the frictional characteristics of the pile-soil interface play a key role in pile 

foundation design. 

 

Figure 1-3 Schematic behaviors of the axially loaded pile and its t-z and Q-z curves 

The pile design shall mitigate the occurrence of pile instability problems similar to those 

experienced in the referenced project shown in Figure 1-4. The pile-soil system must have 

sufficient bearing capacity and stiffness to resist external loads without excessive deformation, 

thereby satisfying the serviceability limit state design requirements for pile foundations. 

Therefore, a thorough study of the force-displacement behavior of piles under various loads is 

of great theoretical and practical importance. Although on-site load testing is one of the most 

reliable methods for determining pile capacity, pile deformation, internal forces, and soil 
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reaction coefficients, its application is often limited by time and cost considerations. Therefore, 

there is a need to develop numerical simulation methods that model the laterally and vertically 

loaded piles to effectively address the requirements of practical engineering scenarios. 

 

 

Figure 1-4 The subsidence of pile foundation leads to uneven settlement of bridge [19] 

 

1.1.3 Characterization of the FRP pile  

Different pile types such as timber, concrete, and steel piles have been used in engineering 

to support marine structures, but the corrosion poses a great risk to the service life of relevant 

infrastructures (Figure 1-5). It will lead to high maintenance costs when used in the harsh 

marine environment. A new type of corrosion-resistant material, FRP, provides sustainability 

benefits to marine infrastructures and thus experiences particular interest. FRP is a composite 

type of material fabricated in the form of a polymer matrix reinforced with fibers. Usually, the 

polymer is an epoxy, vinyl ester, or polyester, and fibers are made of glass, carbon, and aramid. 

The FRP pile has the potential to replace conventional pile types due to its non-corrosive nature, 

light weight, and superior mechanical properties [20]. However, the use of FRP composite 

material in geotechnical engineering was started a few years ago, and it is still somewhat limited 

compared to traditional materials. This is mainly because of their relatively higher initial cost, 

lack of database, and insufficient knowledge for these used in harsh marine environments. 
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(a) Corrosion of prestressed concrete pile (b) Corrosion of steel piles 

Figure 1-5 Corrosion of conventional piles installed in corrosive and marine environments. 

The vertical load transfer mechanism of the FRP pile is essential in analyzing and 

designing substructures [21]. The interfacial shear behavior between FRP and soil plays an 

important role in determining the load capacity of the foundation [22, 23]. The side friction 

resistance at the interface between the FRP pile and soil has a significant effect on the settlement 

of the foundation. Due to the high compressibility and low shear strength of marine soils [24, 

25], special attention needs to be paid to settlement problems during construction. Therefore, 

the interface shear behavior between marine soils and FRP foundation structure should be 

clarified to promote wider adoption of FRP pile in marine infrastructures. 

Studying the interfacial behavior between construction materials and soils is essential in 

foundation engineering as it is a determining factor for bearing capacities of pile foundations. 

Therefore, a proper pile-soil interface model plays a significant role in predicting pile behavior. 

Several constitutive models have been presented for the description of the behavior of the 

pile-soil interface. The soil constitutive models modified from the Mohr-Coulomb model and 

Drucker-Prager model are commonly used. Simonini [26] presented a finite-element approach 

based on a elastoplastic constitutive model to predict the behavior of dense sand surrounding 

the pile tip in a fairly large stress range. Loukidis and Salgado [27] investigated the limit shaft 

resistance of ideal non-displacement piles in sands by using a two-surface-plasticity constitutive 

model. Basu et al. [28] also used this model to study the effects of relative density and 
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confinement on the unit shaft resistance of piles jacked in sand. De Gennaro and Frank [29] 

proposed an elastoplastic interface model capable of considering phase transformation and 

asymptotic state of strength in sand-structure interfaces. Lashkari [30] developed an 

elastoplastic constitutive model to describe the dry and saturated interface behavior between 

granular media and structure. 

The other approach is the load transfer curve (t-z curve). It is evident that the selection of 

a proper load transfer mechanism is the paramount issue. The load transfer curve is a simple 

analytical technique that can be applied in many complex situations, such as variations in the 

sections along a pile shaft and an inhomogeneous layered soil system. Many studies have been 

done using various load transfer models for the pile-soil interface, such as the concrete-soil and 

steel-soil interface. Chow [31] presented a simple linear load transfer curve for analyzing the 

behavior of vertically loaded pile groups. Since then, the more complex load transfer models 

such as the bilinear transfer model [32], trilinear softening model [33, 34], and nonlinear 

function models [35-39] were developed.  

The axial pile capacities of an FRP pile and a conventional pile (e.g., timber, concrete, and 

steel piles), with identical dimensions and soil conditions, may be quite different due to 

differences in the side frictional resistance at the pile-soil interface. The above studies showed 

that most of the research on the shear behavior of the pile-soil interface mainly concentrates on 

the concrete-soil interface or the steel-soil interface, while little research has been done on the 

interface shear properties between FRP pile and soil. 

 

1.2 General Introduction about soils 

1.2.1 Sandy soil 

Sandy soil, as a soil category, has a wide distribution in alluvial plains in China [40]. The 

formation of sandy soils is mainly due to geological phenomena such as weathering, erosion 

and sedimentation. Characterized by relatively larger particle sizes, these soils often exhibit 

properties of efficient drainage and high-water permeability. The engineering properties of 
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sandy soils are closely related to variables such as particle size distribution, compaction, and 

moisture content. Because of their inherent mechanical properties, sandy soils have found wide 

application in a variety of fields, including infrastructure development, foundation engineering, 

and road construction. 

 

 

Figure 1-6 Quartz sand and the chemical structure of quartz 

Quartz is one of the major important constituents of sandy soils [41]. Quartz, an abundant 

mineral in the earth's crust, is composed of silicon dioxide (SiO2) units. As shown in Figure 1-6, 

quartz is a three-dimensional network of silicon (Si) and oxygen (O) atoms arranged in a 

tetrahedron. Each silicon atom is surrounded by four oxygen atoms, forming a tetrahedron. The 

primary interaction that holds the quartz structure together is the covalent bonds formed 

between the silicon and oxygen atoms. The repeating pattern of the lattice gives rise to the 

distinctive hexagonal symmetry of quartz crystals. 

 

1.2.2 Clay soil 

Clay minerals are a dominant component of the Earth's crust and are abundant in terrestrial, 

subterranean, and deep-sea environments [42, 43]. The physical and mechanical properties of 

different types of clay minerals vary slightly depending on their crystal structures. Layered clay 
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minerals consist of two basic layers, silica-oxygen tetrahedra and aluminum-oxygen octahedra. 

These layers coalesce in two configurations: one involves a tetrahedron-octahedron bilayer 

structure in which tetrahedral and octahedral layers are intercalated in a 1:1 ratio, as exemplified 

by kaolinite; the other involves a tetrahedron-octahedron-tetrahedron arrangement 

characterized by tetrahedral and octahedral layers stacked in a 2:1 ratio, as exemplified by 

montmorillonite. 

 

1.2.2.1 Kaolinite 

As shown in Figure 1-7, kaolinite is a layered silicate mineral characterized by an 

alternation of tetrahedral and octahedral layers arranged in the (001) orientation. These layers 

are bonded by hydrogen bonds. Within the planar direction of the crystal layer, silica-oxygen 

tetrahedra and aluminum-oxygen octahedra form a continuous hexagonal network, forming 

strong interconnections. The structural layers are stacked along the z-axis direction and consist 

of primary elements such as Al, Si, O, and H. The kaolinite consists of both external and internal 

hydroxide group, while the tetrahedral and octahedral units are connected by shared oxygen 

atoms. 

 

 

Figure 1-7 The crystal structure of kaolinite 

The unit cell of kaolinite contains a single layer and exhibits two distinct surfaces: one 

characterized by the oxygen atoms located at the base of the silica-oxygen tetrahedra, and the 

other characterized by the external hydroxide group present in the octahedra. The interlayer 

cohesion of kaolinite is mainly due to hydrogen bonding and van der Waals forces involving 
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hydrogen and oxygen atoms. This intermolecular interaction, which is considerably weaker 

than covalent and ionic bond, underscores the susceptibility of kaolinite to separate along the 

interlayer, resulting in the formation of thin plate-like crystals.  

 

1.2.2.2 Montmorillonite 

The physical structure of the montmorillonite particle is generally perceived in sheets and 

layers. As shown in Figure 1-8, monocrystalline layers of montmorillonite exhibit a sandwich 

arrangement characterized by two silica-oxygen tetrahedral layers enveloping an aluminum-

oxygen octahedral layer [44]. These crystal layers are interconnected by van der Waals forces 

and electrostatic forces. The charge results from two different types of substitution: first, the 

substitution of Al3+ within the octahedral layer by ions such as Mg2+, Fe2+, and Fe3+; second, 

the substitution of Si4+ within the tetrahedral layer by Al3+. The surface of the montmorillonite 

mineral has an electronegative charge. Consequently, clay minerals require the adsorption of a 

certain number of cations to counterbalance their inherent negative charge and thereby achieve 

electrical neutrality. 

 

 

Figure 1-8 The crystal structure of montmorillonite 

 

1.2.3 Rubber-soil mixtures 

In recent years, the increasing global production of rubber tires due to the growth of motor 

vehicles has posed a significant challenge in terms of waste management and environmental 

sustainability. The recycling of discarded rubber tires has received considerable attention, 

driven by the need to mitigate their negative socio-economic and environmental impacts. In this 
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context, as shown in Figure 1-9, the use of rubber-soil mixtures (RSM) as pile foundation fillers 

represents a compelling way to address waste management concerns of rubber and to improve 

the geotechnical properties of foundation soils. 

 

Figure 1-9 Rubber-soil mixtures 

The incorporation of rubber tire particles into soil particles offers a novel approach to 

improving the performance of foundation soils. The use of RSM as fillers in pile foundations 

has gained traction due to its multiple benefits. These mixtures, which consist of a blend of soil 

and rubber tire granules, have unique mechanical properties that can significantly affect the 

behavior of the foundation. RSM have been shown to have remarkable properties such as 

enhanced energy dissipation capabilities [45]. These properties can translate into improved 

foundation performance by reducing the transmission of vibration and shock. Therefore, the 

nature of RSM allows structures to effectively absorb dynamic loads, making them suitable for 

environments where vibration and ground movement are a concern. 
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Chapter 2. Introduction to numerical simulation methods 

The advancement of computer technology has led to the widespread use of multi-scale 

simulation methods in the field of civil engineering materials. Numerical simulation techniques 

cover a variety of time and length scales, ranging from the quantum to the macroscale. Among 

these techniques, molecular dynamics (MD) and finite element (FE) methods stand out as 

important computational tools used to address various scientific issues. 

2.1 General introduction about the finite element method 

2.1.1 Computational principles of the finite element method 

The FE method is a widely used numerical technique for solving complex engineering and 

scientific problems. Fundamental to the FE method is the core concept of discretizing a 

continuous solution domain into a series of interconnected elements. The FE method lies in the 

use of approximation functions within each element. This critical phase is performed through 

the use of interpolation functions, resulting in an approximate solution that encompasses the 

entire solution domain. The element then captures local variations and allows accurate 

interpolation between nodes. Note that increasing the number of elements (while decreasing the 

element size) and increasing the precision of the interpolation function increases the accuracy 

of the solution approximation. By discretizing the systems, applying approximation functions, 

and assembling the global element matrix, the approximate solution that satisfies convergence 

criteria gradually approaches the exact solution using iterative solvers. 

 

2.1.2 Basic steps of the finite element method 

The process of solving problems using the finite element method involves several basic 

steps, which are briefly outlined below: 

1. Problem Formulation: This initial step involves approximating the physical properties 

and geometric regions of the solution domain to suit the specific problem under 

consideration. 
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2. Solution domain discretization: The continuous solution domain is discretized into a 

discrete domain consisting of a finite number of interconnected elements. In particular, 

refining the discretization by reducing the element size improves the accuracy of the 

results, but at the cost of increased computational complexity and time. The choice of 

element type, such as beam, shell, or solid, depends on the geometry of the problem. 

3. Approximation Functions: This is where the finite element formulation is derived. 

This involves selecting an appropriate element coordinate system, determining 

appropriate interpolation functions for each element, and constructing the 

corresponding element matrix. 

4. Assembly: The process of assembling the global system of equations is performed. 

This assembly combines the contributions of each element. It is noteworthy that this 

assembly reflects the need to approximate the discrete domain of the solution domain. 

5. Application of boundary conditions: In this step, the appropriate boundary conditions 

are imposed. The imposed boundary conditions modify the system of equations 

according to the constraints of the problem. 

6. Solve the equations: The system of linear equations is solved, yielding approximate 

results for the state variables at the nodes of the elements. The accuracy of these 

results is evaluated by comparing them to values determined by convergence criteria. 

This evaluation guides the decision of whether further computations are warranted. 

 

2.1.3 Element types for simulating the pile-soil system 

The three-dimensional (3D) solid element model, depicted in Figure 2-1, employs 3D solid 

elements to represent both the pile and the surrounding soil. This modeling approach captures 

the complex soil structure and provides accurate calculations for the pile-soil interaction 

response.  

At the same time, the use of one-dimensional element theory within the framework of the 

FE method is widespread. This approach involves segmentation of the pile into discrete 

elements, formulation of element stiffness matrices, determination of force and displacement 
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vectors, equilibration of the distributed soil resistance on the pile with nodal forces, and 

culminates in the assembly of a global stiffness matrix to resolve the internal forces and 

deformations intrinsic to each element. The discrete spring element method, shown in Figure 

2-2, introduces nonlinear spring simulations to simulate he pile-soil interaction. This technique 

uses load transfer curves to describe the properties of soil springs. The nonlinear soil spring 

model subdivides the pile and incorporates horizontal or vertical nonlinear soil springs to 

simulate the influence of the soil on the pile side, thus providing the parameters for pile-soil 

interaction. This practical approach is widely used in engineering because of its computational 

efficiency compared to the complications associated with the 3D solid element model. 

 

 

Figure 2-1 3D solid element model 

In the discrete spring element model, the pile is discretized, modeled with beam elements, 

and connected with horizontal and vertical spring elements to capture the soil-pile interaction 

along the pile side. This method treats the uniform soil resistance exerted by the soil on the pile 

body with the concentrated forces exerted on each individual spring. However, this model has 

limitations, especially when dealing with highly nonlinear soil behavior. Accurate 

representation requires increasing the number of elements, which increases the computational 

burden. In addition, more nodes must be assigned to the pile body to simulate the variation of 

the equivalent concentrated force along its length, ensuring a more accurate representation of 
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the soil force distribution. As a result, an accurate simulation requires a larger number of 

elements, which increases the computational requirements. In addition, defining the properties 

of each spring adds complexity to the modeling process. Therefore, it is essential to develop an 

efficient pile-soil integrated element method to provide an effective framework for analyzing 

the behavior of the pile-soil system. 

 

Figure 2-2 Discrete spring element model 

 

2.2 General introduction about the molecular dynamic simulation 

Nanoscale modeling and simulation methods have become a powerful tool for obtaining 

fundamental knowledge of mechanical properties of materials and have the potential to provide 

parameters for material design [46]. In recent years, the number of research works involving 

MD simulations of construction materials has grown significantly [47]. The MD method, which 

serves as an effective computational experiment to characterize material properties and to 

predict mechanical responses, has been widely used in civil engineering [48-52]. 
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2.2.1 The basic process of molecular dynamics 

The basic principle of MD methods is the application of classical Newtonian mechanics 

to atomic or molecular systems. In this approach, the Newton’s equations of motion are solved 

by integral algorithms, yielding temporal evolutions of their configurations. Due to the complex 

interaction potentials between atoms, the analytical solution for the equations of motion is 

challenging. Consequently, finite difference method is often employed. A finite time interval 

(∆t) is introduced to discretize the continuous motion of atomic nuclei. This time step allows 

numerical integration of the equations of motion and replaces the concept of an infinitesimal 

time element (dt). For every time step, each particle’s position r and velocity v may be integrated 

with a symplectic method such as Verlet algorithm. The time evolution of r and v is called a 

trajectory. Given the initial positions and velocities, we can calculate all future positions and 

velocities. The basic procedure of molecular dynamics can be outlined as follows:  

1) Construction of atomic model: obtain initial positions r0. 

2) Specification of force field: Characterize the interactions between particles confined by the 

force field and calculate potential energy U, which is a function of r.   

3) Calculation of the force F: Derive the forces acting on each atom by differentiating its 

potential energy U with respect to its coordinates r. 

4) Determination of acceleration a: Use the principles of classical mechanics, along with the 

known masses of each atom, to determine the acceleration of each atom. 

5) Motion integration: Integrate the acceleration by selecting an appropriate time step ∆t. This 

yields new velocities and displacements for each atom through successive primary and 

secondary integrations. 

6) Configuration update: Update the atom positions to generate a new system configuration. 

 

The above steps 3 to 6 are performed iteratively over a defined time interval until a 

predetermined time period is reached, which marks the end of the simulation. During the course 

of the MD simulation, atomic attributes such as coordinates, displacement, velocity, and 
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acceleration are computed for each instance. These atomic details are then sampled and 

statistically averaged, culminating in a set of thermodynamic quantities that include temperature, 

pressure, energy, and stress within the material. Based on statistical mechanics, these long-term 

average behaviors of a limited number of particles can infer the instantaneous average behavior 

of a much larger collection of particles, i.e., macroscopic physical properties. The flow diagram 

of MD calculations is presented in Figure 2-3. 

 

 

Figure 2-3 The flow diagram of the Molecular Dynamics method 

 

2.2.2 Modeling and boundary conditions 

For modeling inorganic materials, the spatial coordinates of the atoms within the lattice 
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should first be determined using structural information of the material, typically obtained from 

X-ray diffraction experiments. For organic materials, the model can be constructed from their 

chemical structure. Usually, the unit cell or unit chain should be reduplicated to an appropriate 

size to represent the material. 

Due to the limitations of computational resources and capabilities, achieving the 

equivalent scale of macroscopic materials within molecular dynamics models remains a huge 

challenge. To eliminate the limitations imposed by the size effect, the selection of representative 

cells of reasonable dimensions is necessary. Typically, the choice of cell dimensions, guided by 

convergence tests, depends on the various factors such as the complexity of the microstructure 

and composition of the material, and the objectives of the research. The implement of periodic 

boundary conditions can overcome surface effects and limit of model size, achieving the 

simulation of macroscopic material properties. 

Three-dimension periodic boundary conditions are particularly useful for simulating a 

bulk system with no surfaces present. Furthermore, when simulating planar surfaces, two-

dimension (e.g., X and Y) periodic boundaries are often used, while leaving the third (e.g., Z) 

direction with different boundary conditions. such as remaining vacuum to infinity. 

 

2.2.3 Energy minimization 

Initial structures obtained from X-ray diffraction experiments often show interactions with 

high energy levels. Achieving a stable configuration for the system typically requires an initial 

phase of energy minimization. At absolute 0 K, kinetic energy is neglected, and a lower 

potential energy can be achieved by adjusting the atomic configuration, specifically the 

positional arrangement of the particles, to eliminate unstable conformations. The minimization 

process culminates in a structure with the lowest achievable energy level. The relaxation 

process then incorporates the consideration of kinetic energy by performing MD simulations 

within a predefined system. After a certain amount of simulation time, the thermodynamic 

information of the system and the corresponding physical quantities stabilize and converge. 
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2.2.4 Force field 

The force fields are used to characterize the interactions between atoms and molecules. The 

choice of a suitable force field involves defining potential energy formulas and associated 

parameters for each atom, thereby capturing the forces that govern their interactions. It is crucial 

for the accuracy of the simulation results. 

The Consistent Valence force field (CVFF) [53] and CLAYFF [54] are the most widely 

used force fields for organic components and phyllosilicate minerals, respectively. In these 

force fields, the total potential of the system U(rij) is the sum of non-bonded and bonded 

potentials. The non-bonded potentials include van de Waals (VDW) interactions and coulomb 

interactions (see Eq. 2.2). The VDW potentials are calculated by 12-6 Lennard-Jones (LJ) 

potential model. The bonded potentials consist of energies formed between valence bonds, 

angles, dihedral angles and out-of-plane angles. 

non bonded bonded( ) ( ) ( )ij ij ijU r U r U r−= +  (2.1) 

12 6

non-bonded

VDW Coul 0

1
( ) 4

4

i j i j i j

ij ij

i j i j r ij

q q
U r

r r r

 


 

    
 = − +           

   (2.2) 

( ) ( )
2 2

bonded , 0, , 0,

angle

1 1
( )

2 2
ij r ij ij ij ijk ijk ijk Dihedral

bond

out of plane

U r K r r K U

U

  

− −

= − + − +

+

 
 (2.3) 

where rij is the distance between particle i and j. εij is the depth of the potential well and σij is 

the distance at which the inter-particle potential is zero. LJ parameters εij and σij are obtained 

from Lorentz-Berthelot (LB) mixing rules [55], as shown in Eq. 2.4. 
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2.2.5 Ensembles 

The concept of statistical mechanics holds that the statistically averaged state of all 

constituent atoms within the system provide insight into the macroscopic properties of a system 

(such as temperature, pressure, and density). The thermodynamic state of a system is usually 
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defined by a small set of parameters, such as the number of particles N, the temperature T, the 

pressure P, the energy E, the stress σ, and the chemical potential μ. The selection of ensemble 

for the simulated system depends on the computation of intended physical quantities and the 

experimental conditions under which these computations are performed. 

The simulated system can be broadly classified into two primary categories: closed 

systems with a constant number of particles, including the microcanonical ensemble (NVE), 

the canonical ensemble (NVT), and the isothermal-isobaric ensemble (NPT); and open systems 

characterized by a variable number of particles, exemplified by the grand canonical ensemble 

(μVT). In the NVE system, the simulated environment remains adiabatic, with constant particle 

number, volume, and energy. An NVE molecular dynamics trajectory may be seen as an 

exchange of potential and kinetic energy, with total energy being conserved. The NVT system 

maintains constancy in particle number, volume, and temperature. The energy of endothermic 

and exothermic processes is exchanged using a Nosé-Hoover thermostat. Other techniques for 

temperature control include velocity calibration, Berendsen thermostat, and Langevin dynamics. 

The NPT system maintains constancy in particle number, pressure, and temperature. It is most 

commonly used under laboratory conditions at room temperature and pressure. Alternatively, 

the constant temperature and enthalpy (NσT) system, similar to NPT, is rarely used in practice. 

The μVT regime is mainly used in Monte Carlo methods where the chemical potential is kept 

stable by modulating the particle number, a strategy that is difficult to apply in molecular 

dynamics simulations. 

 

2.2.6 Steered molecular dynamics 

Steered molecular dynamics (SMD) [56] is a computational technique used to study the 

force-induced deformation of molecules. SMD simulations are widely used to study the 

mechanical properties and behavior of atoms under external forces. An external force is applied 

to specific atoms or groups of atoms in the SMD simulation. The equations of motion for the 

system are integrated as in traditional MD simulations, with the additional consideration of the 

applied external force. The dynamics of the system are governed by Newton’s equations of 
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motion, taking into account both the internal interactions within the atoms and the externally 

applied forces. Throughout the simulation, atomic behavior can be monitored and analyzed, 

which provides valuable insights into the response of the atom subjected to mechanical forces 

and can be compared to experimental data.  

The basic idea of SMD simulation is to apply an external force to the SMD atoms by a 

virtual spring with a spring constant. By pulling the SMD atoms with a constant velocity or 

force and holding another set of atoms fixed, relative motion can be simulated. In constant force 

SMD simulations, constant forces are applied to selected atoms in a given direction. On the 

other hand, a constant velocity SMD simulation applies a constant velocity to one or more 

selected atoms.  
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Chapter 3. Soil resistance on fiber-reinforced polymer pile: role of 

clay minerals 

Abstract 

Due to the geotechnical design requirements of the fiber-reinforced polymer (FRP) pile 

embedded in clay, interface friction evolution between the FRP pile and clay plays a crucial 

role in determining the pile shaft resistance. It is observed from the experimental evaluation 

that the earth pressure and shear rate affect the pile-soil interface behavior. Existing 

investigations are limited to the macroscale and have not been well established at the nanoscale 

for interface friction behavior between FRP (epoxy) and clay (kaolinite). In this study, a cross-

linked epoxy resin is created to contact a siloxane surface of kaolinite in the molecular dynamic 

simulation. The interfacial accommodation between kaolinite and epoxy resin is studied. In 

order to investigate the effect of normal stress and sliding velocity on nanoscale friction 

characteristics, the steered molecular dynamics is utilized to simulate the sliding of the kaolinite 

model on the surface of the epoxy resin. Simulation results show that the calculated peak 

interface shear coefficient decreases nonlinearly as the normal stress increases, which follows 

a logarithmic relationship consistent with the FRP-soil interface shear test. On the other hand, 

it is observed that two distinct velocity regions, slow pulling mode (5 to 200 m/s) and fast 

pulling modes (300 to 800 m/s), are well fitted by extended Bell theory. The stick-slip motion 

is only found in slow sliding velocity mode. This increasing tendency of the energy barrier with 

the normal stresses indicates that higher pulling forces are required for the FRP to slide along 

the soil at higher normal stress. The present work provides a fundamental understanding of the 

friction mechanisms between kaolinite and epoxy resin. 

 

Keywords: FRP pile; kaolinite; epoxy; interface friction; molecular dynamics. 
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3.1 Introduction 

Conventional timber, concrete, or steel piles are widely used to support offshore structures. 

However, corrosion of steel and degradation of concrete and timber have become major 

problems. These materials have a limited lifespan and huge maintenance costs in harsh 

environments. In recent decades, fiber-reinforced polymer (FRP) pile has been increasingly 

used in civil engineering [57, 58]. The FRP materials offer high strength, lightweight, durability, 

and resistance to corrosive environments, providing a longer service life than conventional pile 

material [59, 60]. FRP composite materials are typically composed of a reinforcement, such as 

carbon or glass, and a polymer matrix, such as epoxy, polyester, or vinyl ester resin. Epoxy is a 

commonly preferred matrix due to its exceptional mechanical properties and adhesive bonding 

characteristics in FRP structures [61, 62]. 

 

 

Figure 3-1 Schematic diagram of interface between FRP pile and surrounding soil from 

macroscale to nanoscale 
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In order to accurately study the friction behavior of pile-soil interaction in civil engineering 

applications, it is necessary to determine the interface shear strength characteristics between 

soil and pile [60]. As shown in Figure 3-1, when a pile is subjected to an axial load, the soil will 

have shaft resistance and pile tip resistance. The effect of pile tip resistance on the bearing 

capacity is usually neglected, especially in soft soils. In such a case, the bearing capacity is 

considered to be exactly equal to the shaft resistance. Soft clay is widely deposited in the eastern 

coastal area of China [63]. Therefore, it is essential to have a fundamental understanding of the 

interface shear strength in the geotechnical design of the FRP pile embedded in clay.  

To promote the use of the FRP pile as the load-bearing pile, several researchers have 

conducted experiments to study the shear behavior between FRP and clay. One such study was 

conducted by Giraldo and Rayhani [21], who investigated the performance of FRP piles in soft 

clay. They compared the axial load transfer behavior of FRP piles with that of steel piles and 

found that the surface topology, pile texture, and waviness pattern of FRP piles have a 

significant impact on their axial capacity. Additionally, Giraldo and Rayhani [64] investigated 

the frictional performance of hollow FRP piles in clay and found that the compressive capacity 

of FRP piles is 40% higher than that of steel piles, indicating the feasibility of using FRP piles 

as an alternative to steel piles in soft clay. Hosseini [65] studied the seismic performance of 

hollow FRP piles compared to traditional piles in soft clay using shaking table tests. From a 

micromechanical perspective, the shear behavior between FRP and soil is attributed to the 

preferred orientation of particles and contact forces between them [66, 67]. Several researchers, 

including Frost and Han [68], Pando et al. [69], and He et al. [70], have investigated the effect 

of applied normal stress or sliding velocity on the shear behavior of the FRP-sand interface 

through shear tests. However, there is a limited amount of research investigating the impact of 

normal stress and sliding velocity on the FRP-clay surface through mechanical experiments. 

On the other hand, due to the scale and precision required to study these phenomena, it is 

difficult to explain some of these effects solely with macroscopic experiments. 

Molecular dynamics (MD) simulations are regarded as an excellent tool for understanding 

the interface shear strength characteristics [71-73]. The shear behavior of epoxy resin interfaces 
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with various other materials under different pulling forces or velocities, such as the carbon 

fibers [74, 75], carbon nanotube-polymer [76], silica substrate [77, 78], calcium silicate hydrate 

[79], and graphene [80], have been studied. Kim and Kim [81] investigated the moisture related 

hygroscopic characteristics and mechanical properties of polymer-clay nanocomposites (PCNs) 

using MD simulations as a function of the weight fraction of nanoclay. This PCNs structure 

consist of epoxy and nanoclay. Van et al. [82] presented a novel molecular model approach to 

investigate the morphology and thermomechanical properties of PCNs. Chen et al. [83] 

characterized the interfaces in PCNs via the manner of fracture mechanics. They revealed that 

the chain length of surfactants played an essential role in the mechanical performance of these 

interfaces. The above MD studies mainly focus on the mechanical properties of the PCNs. The 

shear strength characteristics between epoxy (surface of FRP pile) and clay have not been 

studied at nanoscale.  

In order to promote the wide use of newly developed FRP piles in clay, the research focus 

on the shear behaviors of the FRP pile-soil interface using the MD simulation method. Kaolinite 

is a prevalent clay mineral commonly found in soft soils, along with other clay minerals such 

as smectite, chlorite, and illite [84, 85]. It is reported that surface sediments in the Pearl River 

drainage basin in southern China are mainly composed of kaolinite (35%-65%), with smaller 

quantities of chlorite (20%-35%) and illite (12%-42%), while smectite is uncommon (<5%) 

[86]. For the present study, kaolinite has been selected as a representative of kaolinite-

dominated soft clay. The kaolinite/epoxy surface model herein will be constructed as the FRP-

clay coating layer interface. The kaolinite is subjected to an external force along the epoxy in 

the steered molecular dynamics (SMD) simulation. A critical mechanical parameter, the peak 

interface friction coefficient, will be obtained to study the effects of normal stress in the 

interface friction process. The extended Bell theory is used to calculate the energy barrier with 

different sliding velocities. The simulation results aim to provide an explanation of the friction 

mechanism between the FRP-clay interface. 
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3.2 Model construction and simulation details 

3.2.1 Force field 

LAMMPS [87] code is used for molecular dynamics simulations in this work. The 

Consistent Valence Forcefield (CVFF) [53] and CLAYFF [54] are used to determine the atomic 

interaction of epoxy and kaolinite, respectively. Interaction between epoxy and kaolinite is 

controlled by non-bonded VDW and Coulombic interaction. Both CVFF and CLAYFF use 12-

6 Lennard-Jones (LJ) expressions for the VDW potential energy, which is given by: 

12 6

4
ij ij

LJ ij

ij ij

E
r r

 


    
 = −           

 (3.1) 

where rij is the distance between two types of atom i and j; The LJ parameters between two 

atom types i and j are denoted as σij and εij. To calculate these parameters, the Lorentz-Berthelot 

(LB) mixing rule, as shown in Eqs. 3.2 and 3.3, is employed. This mixing rule is widely utilized 

in both the CVFF and CLAYFF for determining the LJ parameters (σij, εij) [88-90]. 

2

i j

ij

 


+
=  (3.2) 

ij i j  =  (3.3) 

The cut-off distance of non-bonding interaction between two atoms is set as 10 Å. The 

long-range electrostatics are obtained by the particle-particle particle-mesh (PPPM) algorithm 

[91] with a tolerance of 10-4. The timestep value is 1.0 fs, and the Nosé-Hoover thermostat [92] 

is employed to control the temperature throughout the whole simulation. 

 

3.2.2 Kaolinite model 

As shown in Figure 3-2(a), kaolinite consists of a repeating layer of one octahedral alumina 

sheet and one tetrahedral silica sheet. The composition of the unit cell is Al2Si2O5(OH)4, and its 

lattice parameters used in this work are a = 5.154 Å, b = 8.942 Å, and c = 7.391 Å with α = 
91.93°, β = 105.05°, and γ = 89.80° [93]. A periodic 12a × 4b × 2c kaolinite supercell is 

constructed by replicating the unit cell in x-, y- and z-directions. A kaolinite substrate (total 3264 
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atoms) with the size of x = 61.8 Å, y = 35.8 Å, z = 14.8 Å is shown in Figure 3-2(b). The x-, y- 

and z-directions are related to the crystal directions (100), (010), and (001), respectively. The 

(001) surface of kaolinite is the basal plane and the main exposed surface of kaolinite crystals 

[94]. Two stable surfaces of kaolinite, denoted as hydroxylated and siloxane (001) surfaces, will 

be regarded as the potential contact surfaces with the epoxy resin in the simulation model. 

 

 

(a) 

 

(b) 

Figure 3-2 The molecular structure of (a) the kaolinite unit cell and (b) the 12a × 4b × 2c 

kaolinite supercell 
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3.2.3 Surface energy of kaolinite 

Kaolinite has two different surfaces, one is hydroxylated surface and the other is siloxane 

surface in the z-direction. As shown in Figure 3-3, two different models are constructed to find 

the most stable surface of kaolinite in the (001) surfaces. The difference of total energy between 

the two equilibrated states 1 and 2 per unit contact area is the surface energy of the contact 

surface, which is defined as 

state2 state1

2
surface

E E
E

A

−
=  (3.4) 

where A is the area of the contact surface; and, Estate1 and Estate2 are the total energy of before 

and after separation, respectively. 

 

(a)  
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(b)  

Figure 3-3 Schematics of the calculation of surface energy for two different kaolinite surfaces 

(a) Siloxane surface (b) Hydroxylated surface 

Four kaolinite models in Figure 3-3  are equilibrated for 1 ns with a time step of 1.0 fs with 

the NVT (constant Number, Volume and Temperature) ensemble. The curves of total energy 

versus time are plotted in Figure 3-4.  



Chapter 3. Soil resistance on fiber-reinforced polymer pile: role of clay minerals 

 

46 

 

 

Figure 3-4 Total energy of kaolinite versus simulation time in different states 

The surface energy of kaolinite for siloxane and hydroxylated surfaces are presented 

in.Table 3-1. The average value of 134.7 mJ/m2 is found in agreement with results of the density 

functional theory (DFT) [95]. It can be seen that the surface energy of the siloxane surface is 

smaller than the hydroxylated surface, which indicates that the siloxane surface is a stable 

surface. Therefore, the siloxane surface of the kaolinite model is chosen as the contact surface 

with epoxy resin in this work. 

Table 3-1 Surface energy of kaolinite 

 

This work 
DFT 

[95] 
Siloxane 

surface 

Hydroxylated 

surface 

Average 

value 

Surface energy 

(mJ/m2) 
74.3 195.1 134.7 132.3 

 

3.2.4 Cross-linked epoxy model 

As shown in Figure 3-5, representative cross-linked molecules of the epoxy resin are 

composed of diglycidyl ether of bisphenol A (DGEBA) and triethylenetetramine (TETA), which 

have been widely used in previous studies [96-99]. Each TETA molecule can react with up to 
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six molecules  of DGEBA, and ideal composition ratio for DGEBA/TETA in the cross-linked 

epoxy resin is 6:2 [100]. In this work, 48 molecules of DGEBA and 16 molecules of TETA are 

constructed. The epoxy model contains 2800 atoms with a size of 61.8 Å × 35.8 Å × 40.0 Å. In 

the cross-linking process, the reactive CH2 site is generated from the broken C–O bonds in the 

epoxide group of DGEBA. The C-N covalent bonds are created between C atoms in epoxide 

groups of DGEBA and N atoms in nitrogen groups of TETA when the reactive distance is less 

than 5 Å, which falls within the reasonable range of 3 to 10 Å reported in previous studies [101, 

102]. The final conversion from DGEBA and TETA into the final cross-linking epoxy model is 

75%, which has also been reported in previous research [103-105] as an acceptable conversion 

rate. The detailed cross-linking process can be found in reference [105]. 

 

Figure 3-5 Model of the cross-linked epoxy resin 

Figure 3-6 shows the density of the cross-linked epoxy model with the variation of 

temperature (T) from 250 K to 600 K. Two linear regions in this curve correspond to the glass 

and rubber states of the polymeric material, respectively. The abrupt change in the slope of the 

density-temperature curve determines the glass transition temperature (Tg) of the cross-linked 

epoxy. The system is equilibrated under NPT ensemble for 1 ns, and the density data is collected 

after the 0.5 ns equilibrium procedure, which is presented in Figure 3-6. The data at temperature 

above and below Tg are fitted using the linear regression. Coefficient of thermal expansion 

(CTE) is calculated from the slopes of volume change curves. The volumetric CTE for both 
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glassy and rubbery is obtained from the slope of the two curves as their equations are shown in 

Figure 3-7. The volumetric CTE (α) and the linear thermal expansion coefficient (β) are given 

by 

1

P

V

V T


 
=  

 
 (3.5) 

3


 =  (3.6) 

where T is the temperature; P is the pressure; and, V is the volume. The value of Tg, ρ, α1, β2, 

α1, and β2 obtained by simulations and experiments are collected in Table 3-2. It can be seen 

that those values in this work have good agreement with the results of MD simulations and 

experiment, indicating the validity of the epoxy model.  

 

 Figure 3-6 Density of DGEBA/TETA epoxy system with the variation of temperature 
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Figure 3-7 Volume of DGEBA/TETA epoxy system with the variation of temperature  

 

Table 3-2 Material properties of MD simulation and experimental data for epoxy resin 

Material 

properties 

MD simulations Experiment 

Present 

study 

Ref. 

[102] 

Ref. 

[106] 

Ref. 

[107] 

Ref. 

[108] 
Ref. [109] 

Tg (K) 434 440   383 436 

ρ (g/cm3) 1.14 1.13 1.175   1.131 

α1 (ppm/K) 299  272.16 310.8 166   

β1 (ppm/K) 99.6  90.72 103.6 55.3   

α2 (ppm/K) 581    554   

β2 (ppm/K) 193    184.7   

 

3.3 Kaolinite-epoxy system 

Figure 3-8 illustrates a schematic view of the kaolinite-epoxy system created by combining 

the kaolinite model (Figure 3-2(b)) and the cross-linked epoxy resin model (Figure 3-5). The 

simulation box of the system measures 61.8 Å × 35.8 Å × 70 Å and contains a total of 6064 
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atoms. Firstly, the interfacial accommodation between kaolinite and epoxy resin will be studied 

in this simulation box in Section 3.1.  

Secondly, in order to study the effect of normal stress and sliding velocity on friction 

behavior between kaolinite and epoxy resin, the atomic force microscope experiment is 

considered by SMD to simulate the (001) kaolinite model sliding over an (001) surface of the 

epoxy model in Sections 3.2&3.3. A series of normal stresses of 0.5 to 5 GPa are applied in the 

rigid layer of kaolinite with a fixed sliding velocity of 50 m/s to study effects of normal stress, 

and also a set of sliding velocities of 5 to 800 m/s are applied with a fixed normal stress of 1 

GPa to study velocity effects. To avoid structural failure, a normal stress of up to 5 GPa is 

chosen, which is well below the ultimate compressive strength of kaolinite, reported to be 14.4 

GPa [110]. Given the absence of published work on the choice of interaction force and shear 

velocity at the atomic scale in pile-soil systems, the values used in this study are based on 

similar values reported in other nanofriction simulations, ranging from 0.5 to 5 GPa for normal 

stress and 5 to 800 m/s for sliding velocity [111-113]. It is important to note that the forces and 

velocities applied at the nanoscale are several orders of magnitude larger than those at the macro 

scale, mainly due to the fact that the actual contact area of surfaces prone to friction is almost 

1/105 of the visible area of contact [114]. 

The kaolinite-epoxy system (Figure 3-8) is divided into four parts from top to bottom: (1) 

a rigid kaolinite layer (2 Å) that is subjected to normal stress and pulling force with no structural 

deformation; (2) a free layer of kaolinite (~13 Å) and an equally thick free layer of epoxy for 

simulating friction; (3) a fixed epoxy layer (6 Å) to ensure that the whole system does not move 

around. The simulation of the kaolinite-epoxy system is conducted under NVE ensemble. A 

temperature-controlled layer of kaolinite (~4.5 Å) is employed to maintain the system at 300 K. 

NVT ensemble is used for the temperature-controlled layer. This analogous configuration for 

friction simulation has been previously reported by Hu et al. [111, 112] and Wei et al. [115]. 

To address the boundary effect in the model, periodic boundary conditions are applied to 

both the x and y directions. The thickness of the free layer is also ensured to be larger than the 

cutoff distance in the model to minimize the impact of the rigid and fixed layers on the contact 
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surface between the epoxy and kaolinite. Additionally, a sufficient vacuum layer is established 

in the z-direction to prevent any interaction between the kaolinite and epoxy on the opposing 

side.  

The normal stress is applied on each atom of the rigid layer of kaolinite with the thick of 

2 Å, and there is no structural deformation. A pulling force is also applied on the kaolinite rigid 

layer to provide a constant sliding velocity along the x-direction.  

 

Figure 3-8 The kaolinite-epoxy system in the simulation box 
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3.4 Results and discussions 

3.4.1 The interfacial accommodation between kaolinite and epoxy resin 

Surface roughness can lead to atom interlocking, wherein the epoxy infiltrates into the six-

membered silicate rings of the kaolinite surface, potentially affecting the equilibrated 

configuration and total energy of the system. To address this issue, a series of simulations with 

different initial interfacial distances are conducted to identify the optimal initial distance for 

achieving the minimum total energy of the kaolinite-epoxy system and eliminating possible 

atom interlocking effects during equilibration. This methodology has been previously utilized 

in related study [116]. These simulations are respectively equilibrated for 1 ns with a timestep 

of 1.0 fs in the NVT ensemble. The epoxy resin is adsorbed on the siloxane surface of kaolinite 

during the equilibration. The total energy versus interfacial distance curve is presented in Figure 

3-9. It can be seen that the minimum total energy of the kaolinite-epoxy system is found at the 

interfacial surface distance of 2.9 Å. Thus, the optimal interfacial distance of 2.9 Å is chosen to 

obtain the most stable combined system, which will also be employed to study the friction 

behavior between kaolinite and epoxy resin in Sections 3.2&3.3. 

 

Figure 3-9 Variation of total energy of kaolinite-epoxy system with interfacial distance 
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surfaces, is a fundamental interfacial quantity for an interface [117]. Work of adhesion between 

epoxy and kaolinite is used to evaluate and predict the mechanical properties of the interface 

and calculated by: 

kaolinite epoxy kaolinite+epoxy+

2

E E E
W

A

−
=  (3.7) 

where A is the area of the contact surface; Ekaolinite+epoxy is the total energy of the epoxy-kaolinite 

system; and, Ekaolinite and Eepoxy are the total energy of kaolinite and epoxy systems, respectively. 

As shown in Figure 3-10, calculations have been done in the NVT ensemble with a temperature 

of 300 K and an equilibration length of 1 ns in the kaolinite, epoxy, and kaolinite-epoxy systems, 

respectively. The total energy of all three systems is calculated by the average values after 0.1 

ns in the equilibrium state, and the calculated work of adhesion between epoxy and kaolinite 

obtained by Eq. 3.7 is 159 mJ/m2. To our knowledge, experimental values for the work of 

adhesion between epoxy and kaolinite have not been reported. The work of adhesion values 

investigated by a series of experiments for epoxy-montmorillonite [118], epoxy-silica [119], 

and MXene-epoxy [120] interfaces are found to be 98.6, 178, and 123.6 mJ/m2, respectively, 

which are similar to or lower than the calculated work of adhesion between kaolinite and epoxy 

in this study. 

 

Figure 3-10 Variation of total energies of three systems with simulation time 
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The bonding information of the interface is characterized by the radial distribution function 

g(r), which is the probability of finding a given particle at a distance from a reference particle. 

Figure 3-11 compares the radial distribution function of the oxygen atom (Okaolinite) in kaolinite 

interaction surface with other atom types in the epoxy model, such as nitrogen atom (Nepoxy), 

oxygen atom (Oepoxy), carbon atom (Cepoxy), and hydrogen atom (Hepoxy). Okaolinite represents the 

oxygen atom in the siloxane surface of kaolinite. The first peaks of all these atom pairs are 

larger than 2.5 Å, which means that the main interaction mechanism between epoxy and 

kaolinite is van der Waals interaction. 

 

Figure 3-11 Radial distribution function curves of the kaolinite-epoxy system 

 

3.4.2 Influence of normal stress on friction behavior 

FRP piles are commonly subjected to lateral earth pressures from the surrounding soil [121, 
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The rigid layer of the kaolinite is subjected to a pulling force along the epoxy resin with the 
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Figure 3-12 shows the variation of friction force with the increase of sliding distance in 

the x-direction at different normal stresses. It can be seen that the normal stress during the 

sliding process has an essential effect on the surface friction behavior, and the friction force 

increases with the increment of the normal stress. On the other hand, the wave phenomenon of 

the friction force represents the stick-slip motion during the sliding process, which has been 

frequently observed for various contacting materials under different sliding conditions [115, 

123-127].  

 

Figure 3-12 Friction force versus sliding distance curve under different normal stresses 

The friction force versus normal force relation [113, 128] is given by: 
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where μ is the friction coefficient; Ff is the calculated friction force; Fn is the normal force; N 

is the number of kaolinite atoms; and, Fni and Ffi are the interaction forces of atom i along the 

direction of x and z. The normal and friction forces at different normal stresses are plotted in 

Figure 3-13 to describe the friction behavior. It can be seen that the normal and friction forces 
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rise linearly with the increasing normal stress. The peak interface friction coefficient is an 

important parameter to analyze the interface friction process, which is calculated by the formula 

[129]: 

( )1 2lnp zC p C = +  (3.9) 

where C1 and C2 are the constants, and μp is the peak interface friction coefficient, which is 

obtained from the peak value of the coefficient of friction. Figure 3-14 shows that the peak 

interface shear coefficient decreases nonlinearly as the normal stress increases, which is 

consistent with the trend of the FRP-soil interface shear test results [129].  

 

 

 Figure 3-13 Variation of calculated friction and normal forces with applied normal force 
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 Figure 3-14 Variation of peak interface friction coefficient with normal stress 

Hydrogen bonds would be formed by the oxygen atoms on the siloxane surface in the 

condensed phases [110]. The hydrogen atom in epoxy and the oxygen atom in kaolinite have 

the potential to form the hydrogen bonds. It can be seen in Figure 3-15 that obvious peaks of 

radial distribution function for Okaolinite-Oepoxy and Okaolinite-Nepoxy under different normal stresses 

are formed at around 3.0 Å. It indicates that oxygen and nitrogen atoms in the epoxy are closely 

attached to the siloxane surface of kaolinite. It is also observed that the values of the first peak 

of Okaolinite-Nepoxy at the normal stress of 5 GPa are significantly larger than those at lower normal 

stress, which indicates more epoxy atoms near the kaolinite surface, thereby causing higher 

interaction energy. A cutoff distance of 3.5 Å with an angle cutoff of 30° has been used as the 

criterion for hydrogen bond formation by Pokhrel et al. [130]. The number of hydrogen bonds 

between kaolinite and epoxy under different normal stresses during the equilibration simulation 

is shown in Figure 3-16. The increasing normal stress increases with the number of hydrogen 

bonds and makes hydrogen bonds form faster, which may lead to a higher average friction force. 

It indicates that hydrogen bond plays an essential role in enhancing the friction force between 

kaolinite and epoxy. 
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(a)  

 

(b)  

 Figure 3-15 Radial distribution function curves under different normal stresses (a) Okaolinite-

Nepoxy (b) Okaolinite-Oepoxy 
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The snapshot views of interface structure at the normal stresses of 1, 2.5, and 5 GPa are 

depicted in Figure 3-17. The distance between the top of kaolinite and the bottom of the free 

layer of epoxy (d) gradually decreases from 23.4 to 20.3 Å with increasing normal stress in 

three systems, indicating an increase in compression of the epoxy and kaolinite. The increased 

normal stress will increase the van der Waals forces between kaolinite and epoxy due to the 

shortening of the distance between the two layers.  

The stick-slip phenomenon arises from potential barriers at the interface and has been 

reported to be influenced by surface roughness and the bonding formation [125, 126]. The 

approximate periodic force versus displacement curve in Figure 3-12 can be attributed to the 

lattice structure of kaolinite, where surface atoms are uniformly arranged. However, the surface 

of the epoxy resin has a certain “roughness”, due to its non-homogeneous surface atoms. As the 

normal stress increases, atoms of the epoxy surface may experience dislocation, and the 

formation of interfacial hydrogen bonds becomes faster, resulting in larger energy barriers and 

a more distinct stick-slip behavior. 

 

 Figure 3-16 The variation of the number of the hydrogen bonds with simulation time under 

different normal stresses 
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 Figure 3-17 Snapshot views of the interface friction behavior after sliding 10 nm under 

different normal stresses 

 

3.4.3 Influence of sliding velocity on friction behavior 

The relationship between the friction load and the sliding velocity at the nanoscale is 

complex. This is because the atomic friction process involves complex surface effects such as 

the adhesion effect and surface contact mode. In order to explore the effect of sliding velocity 

on friction behavior, the relationships between the pulling force and sliding displacement with 

the sliding velocities of 5 to 800 m/s are studied and depicted in Figure 3-18. The normal stress 

applied in kaolinite is constant and fixed at 1 GPa. It can be seen that the higher the sliding 

velocity, the higher the average pulling force. On the other hand, stick-slip motion is found in 

slow sliding velocity (5 to 100 m/s) but not in fast sliding velocity (500 to 700 m/s). The 

response of interfacial bonding during friction is more adequate at slow sliding velocities, 

resulting in a noticeable stick-slip motion. However, at fast sliding velocities, interfacial atoms 

do not have sufficient time to respond, resulting in a smoother curve. The similar effect at slow 

and fast sliding velocities is also observed in the friction behavior between two montmorillonite 

portions [115]. 
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Figure 3-18 Friction force versus displacement curve under different sliding velocities 

The transition from the static friction stage to the kinetic friction stage is a process in which 

the atoms move from a stable equilibrium state to a neighboring one [131]. The movement of 

an atom requires it to overcome an energy barrier (Eb) formed by the surrounding atoms. The 

extended Bell theory [77, 132] can be used to calculate the energy barrier, which is given by: 
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where kb is the Boltzmann constant; T is the temperature; v0 is the natural bond-breaking 

velocity; and, ω0 is the natural vibration frequency. Ff can be obtained from Eqs. 3.10&3.11 and 

written by: 
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where a and b are the constants.  

The average friction force as a function of dimensionless ln(v/v*) is recorded in Figure 

3-19, where v* = 1 m/s. It is observed that nanofriction between kaolinite and epoxy exhibits 

two distinct velocity regions: slow pulling mode (5 to 200 m/s) and fast pulling modes (400 to 

800 m/s). Two regions follow a logarithmic relationship between the average friction force 

relative to the sliding velocity. Both modes can be well fitted by extended Bell theory.  
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The slow pulling mode allows the more detailed dynamic evolution of the system during 

the SMD simulation, leading to a more accurate calculated energy barrier [133]. In this regard, 

cases with normal stresses of 2.5 and 5 GPa are also studied in the slow pulling mode, as seen 

in Figure 3-19. The linear regression equation’s parameters (a and b) are obtained from the 

relationship between the logarithmic velocity and the associated average friction force. The 

system's dynamic evolution can be more comprehensively observed in response to the applied 

pulling force in the slow pulling mode [133], which allows for a more precise calculation of the 

intrinsic energy barrier. The calculated energy barriers with the normal stresses of 1, 2.5, and 5 

GPa are 5.695, 8.504, and 8.976 Kcal/mole-Å in the slow pulling mode, respectively. This 

increasing tendency of the energy barrier with increasing normal stress is consistent with the 

experimental phenomenon that higher pulling forces are required for the FRP to slide along the 

soil at higher normal stress [129]. It can also be found that the sliding velocity for distinguishing 

between the slow and fast pulling modes is 384 m/s. 

 

Figure 3-19 Friction force as a function of sliding velocity variation for slow and fast pulling 

mode ranging from 5 to 200 m/s and from 300 to 800 m/s respectively 
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3.5 Conclusions 

This study investigates the friction behaviors between the FRP pile (epoxy) and clay 

(kaolinite) from an atomic scale using the MD simulation. Research in this area is essential for 

providing intrinsic information to bridge micro- to macro-scale structure-soil mechanical 

behaviors. The main conclusions are drawn below：  

(1) The siloxane surface is chosen as the contact surface with epoxy resin in this work due 

to its smaller surface energy (74.3 mJ/m2) compared with hydroxylated surface (195.1 mJ/m2). 

A cross-linked epoxy resin is constructed with a surface well-fit-kaolinite. Thermal properties 

and density of the epoxy resin have good agreement with previous results of MD simulations 

and experiments.  

(2) The work of adhesion between epoxy and kaolinite is calculated as 159 mJ/m2. The 

main interaction mechanism between epoxy and kaolinite is van der Waals interaction. 

(3) The peak interface shear coefficient decreases nonlinearly as the normal stress 

increases and follows a logarithmic relationship, which is similar to the trend of the FRP-soil 

interface shear test results. The increased normal stress will increase the van der Waals forces 

between kaolinite and epoxy due to the shortening of the interface distance and the compression 

between epoxy and kaolinite.  

(4) Nanofriction between kaolinite and epoxy also depends on shear velocity. The higher 

sliding velocity leads to a higher average pulling force. Two distinct velocity regions, slow 

pulling mode (5 to 200 m/s) and fast pulling modes (300 to 800 m/s), are observed, and both 

regions can be well fitted by extended Bell theory. The stick-slip motion is only found in slow 

sliding velocity.  

(5) The calculated energy barriers with the normal stresses of 1, 2.5, and 5 GPa are 5.695, 

8.504, and 8.976 Kcal/mole-Å, respectively. This increasing tendency of the energy barrier 

explains why higher pulling forces are required for the FRP to slide along the soil at higher 

normal stress. 
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Chapter 4. Molecular dynamics simulations of the interface friction 

behavior between fiber-reinforced polymer pile and sand 

Abstract 

The interfacial friction performance of the fiber-reinforced polymer (FRP) pile-sand 

interface plays an essential role in determining the load capacity of the foundation. It is 

necessary to identify its friction behavior in the marine environment due to the unique pile-soil 

interaction characteristics, which have not been well established at the nanoscale. The cross-

linked epoxy resin and crystalline silica substrate are utilized to investigate the nanoscale 

friction characteristics with different normal stresses and sliding velocities in the dry, pure water, 

salt water systems using the molecular dynamics (MD) simulation. The coefficients of friction 

in the three systems are ranked as dry > salt water > pure water systems. The water molecules 

located between the epoxy and silica act as a lubricant to make the friction amplitude smaller, 

while the NaCl ions weaken the lubrication effect. An extra interaction force between the epoxy 

and the silica substrate can be induced by the water molecules in the z-direction and can be 

reduced by the NaCl ions. On the other hand, the lubrication effect of the water molecules 

weakens as the sliding velocity increases during the initial sliding stage. The increase in normal 

stress shortens the distance between the silica and the epoxy and increases the van der Waals 

force between the two layers, resulting in the increase of maximum friction force in the three 

systems.  

 

Keywords: FRP pile; Sand; Friction behavior; Coefficient of friction; Molecular 

Dynamics 
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4.1 Introduction 

Different pile types (e.g., timber, concrete, and steel piles) have been used in engineering 

to support marine structures such as wind turbines, sea bridges, and artificial islands [134-136]. 

The corrosion is a huge risk to the service life of conventional pile types. It will lead to high 

maintenance costs when used in a harsh marine environment. The fiber-reinforced polymer 

(FRP) pile brings sustainability advantages to marine structures and thus experiences particular 

interest. FRP is a new type of corrosion-resistant material fabricated in the form of a polymer 

matrix reinforced with fibers. Usually, the polymer is epoxy, vinyl ester, or polyester, and fibers 

are made of glass, carbon, and aramid [137]. The FRP pile has the potential to replace 

conventional pile types due to its non-corrosive nature, lightweight, and superior mechanical 

properties [13, 20, 138]. 

The axial load transfer mechanism of the FRP pile is essential in analyzing and designing 

substructures [21]. The interfacial friction between FRP and soil plays an important role in 

determining the load capacity of the foundation [22, 23], which has a significant effect on the 

settlement of the foundation. In comparison with structural steel or concrete, FRP materials 

have significantly lower stiffness and surface hardness, which results in unique pile-soil 

interaction characteristics for the FRP piles [6]. Due to the fact that friction behaviors of the 

FRP-sand interface may be quite different from the conventional cases, special attention needs 

to be paid to settlement problems during the construction of the FRP pile. Therefore, the study 

of interface friction behavior between the FRP pile and sand is important to improve the 

application of FRP piles in marine structures. 

Earlier investigations on the interface friction behavior between FRP pile and sand have 

focused on the macroscale mechanical tests. Frost and Han [68] reported that the interface 

surface roughness and the applied normal stress would affect the interface shearing behavior of 

the FRP pile and sand. Pando et al. [69] found that the interface friction angles of FRP composite 

piles depended on the values of relative roughness parameters. The molecular dynamics (MD) 

method has been widely used in civil engineering to predict mechanical responses and 



Chapter 4. Molecular dynamics simulations of the interface friction behavior between fiber-reinforced 

polymer pile and sand 

 

67 

 

characterize material properties [48-52]. The silica is a dominant component of the sand fraction 

[139]. Employing the MD simulation, sand surfaces have been investigated by silica models to 

understand various interface phenomena [140-143]. The friction interface of epoxy/silica (the 

subsystem of FRP pile and sand interface) has not been well established at the nanoscale. 

Extensive efforts have been focused on the material properties and mechanical responses of the 

FRP-concrete bonding system through the epoxy-silica interface. Büyüköztürk et al. [77] 

studied a layered material system consisting of a single chain of epoxy and silica substrate with 

under moisture effect. Lau et al. [144] combined the experiment and MD simulation to study 

the effect of moisture on the bonding between epoxy and silica. Yaphary et al. [133] studied the 

effect of NaCl solution on the adhesion of epoxy-silica interface. Jian et al. [78] investigated 

the interfacial creep behavior in epoxy-bonded bilayer material systems consisting of SU-8 

monomer and silica substrate. The above MD studies focus on epoxy-silica bonding behaviors 

by considering epoxy as a single polymer chain. However, such a single chain of epoxy with a 

limit size may not provide a clear understanding of the friction behaviors when focusing on the 

interactions between FRP pile and sands.  

In this study, MD simulations are carried out to study the interface friction behavior 

between FRP and sands through an understanding of interactions between the cross-linked 

epoxy resin and silica substrate. The dry, pure water, salt water systems are developed because 

the friction behavior of FRP pile in the marine environment may be influenced by water and 

NaCl ions. The silica substrate is subjected to an external force along the epoxy in the steered 

molecular dynamics (SMD) simulation. Normal stress and sliding velocity, the two most critical 

mechanical parameters controlling friction behavior, will be taken into account to study their 

effects on the epoxy-silica interface. The findings in this study reflect the effect of 

environmental conditions, normal stresses, and sliding velocities on the friction behavior at the 

FRP-sand interface. This comprehensive study can further explore the applications of FRP pile 

in the marine environment. 
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4.2 Simulation method and model 

This atomic simulation focuses on the interface friction behaviors between the cross-linked 

epoxy resin and crystalline silica substrate in dry, pure water, salt water systems. The initial 

model starts from constructing a silica-epoxy interfacial model built by software Materials 

Studio. The atomistic MD simulations are implemented by using LAMMPS software [87]. The 

Open Visualization Tool software [145] is applied for the visualization. The Consistent Valence 

Forcefield (CVFF) is used to determine the atomic interaction of epoxy and silica. The CVFF 

has been validated and parameterized in various experiments and simulations for water, ions, 

epoxy, and silica [78, 102, 146, 147]. The model construction processes and simulation 

approach are described in the following section. 

4.2.1 Construction of the silica model 

The lattice parameters of crystalline silica [148] used in this work are a = 4.913 Å, b = 

4.913 Å and c = 5.405 Å with α = β = 90° and γ = 120°. This unit cell contains three Si and six 

O atoms. The entire silica substrate is constructed from a unit cell of crystalline silica by 

repeating the unit cell in the x-, y- and z-directions. In order to represent the non-periodic 

boundary condition of the silica substrate in the z-direction, the created open bonds in this 

direction are terminated by hydrogen atoms. A bulk silica substrate (1760 atoms) with the size 

of a = 49.1 Å, b = 34.0 Å, c = 12.8 Å, and α = β = γ = 90° is shown in Figure 4-1.  

 

 

Figure 4-1 Model of silica substrate (Si, blue; O, red; H, white) 
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4.2.2 Models of cross-linked epoxy resin 

The cross-linked epoxy resin is composed of diglycidyl ether of bisphenol A (DGEBA) 

and triethylenetetramine (TETA) (Figure 4-2). As shown in Figure 4-3, the reactive CH site is 

created by breaking the C-O bond in the epoxide group of DGEBA. The reactive site for 

nitrogen in TETA is achieved by removing hydrogens. Energy minimization is performed, and 

then the system is equilibrated for 0.1 ns in an NVE ensemble to relax the system. In the cross-

linking process, the covalent bonds are created between C and N atoms in reactive sites under 

a certain distance in the mixture of DGEBA and TETA. The reactive distance is set at 5 Å in 

this work. The system is relaxed by another circle for 0.1 ns in the NVE ensemble to remove 

the unfavorable interactions due to the creation of new C-N bonds. Cross-linking simulation is 

repeated until the conversion rate of the model reaches the required value. In the end, the 

reactive C and N atoms without bonding in this system need to be saturated with hydrogen 

atoms. 

 

 

(a) DGEBA 
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(b) TETA 

 Figure 4-2 Chemical structures of DGEBA and TETA (C, Yellow; N, green; O, red; H, white) 

 

 

 Figure 4-3 Conversion of functional groups used in the cross-linked procedure 

The ideal composition ratio for DGEBA/TETA in the cross-linked epoxy resin is 6:2 [100]. 

54 molecules of DGEBA and 18 molecules of TETA are constructed. As shown in Figure 4-4, 

the cross-linked epoxy model contains 2829 atoms with the size of 49.1 Å × 34.0 Å × 35.0 Å. 

The final conversion from DGEBA and TETA into the final epoxy model is 88.9%, which is a 

reasonable conversion ratio that could occur naturally in the experiment [101, 104]. The Voigt-

Reuss-Hill model [149] is employed to calculate the mechanical properties of the cross-linked 

epoxy. As shown in Table 4-1, the calculated results of the Young’s, shear, and bulk moduli, 

Poisson’s ratio, and density in this study are compared with other simulation and experimental 

results, which are in good agreement.  
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 Figure 4-4 Final model of cross-linked epoxy resin 

Table 4-1 Mechanical properties of the epoxy resin 

Mechanical properties 

MD simulations 

Experimental 

values [150, 151] This study 

Jeyranpour et 

al., 2015 

[105] 

Yu et al., 

2009 [150] 

Young’s modulus (GPa) 3.518 2.73 3.548 3.24  

Bulk modulus (GPa) 1.536 1.42 / / 

Shear modulus (GPa) 1.573 1.06 1.296 / 

Poisson’s ratio 0.118 0.18 / / 

Density (g/cm3) 1.1010 1.1084 / 1.1240 

 

4.3 Construction of silica-epoxy interfacial models in three systems 

The simulation boxes for the three systems are presented in Figure 4-5. A sufficient 

vacuum layer is set in the z-direction to avoid the interaction between silica substrate and epoxy 

resin on the other side. The size of the simulation box of the three systems is 49.1 Å × 34.0 Å 

× 55.6 Å, 49.1 Å × 34.0 Å × 64.0 Å, and 49.1 Å × 34.0 Å × 64.0 Å, respectively.  
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(a) Dry system 

 

(b) Pure water system 
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(c) Salt water system  

Figure 4-5 The contact model of epoxy and silica in different systems 

The SPC model is used to describe the water molecules. The amount of H2O in the 

simulation box of both pure water and salt water systems is 446 molecules. The moisture 

content of soil (Mwater/Msilica) is 29.1%, which is within the range of the moisture content of 

saturated sand [152]. There are 72 Na+ ions and 72 Cl- ions in the saturated salt water system. 

Figure 4-6 shows the variation of density for the pure water model and saturated salt water 

model. Two models are equilibrated under NPT ensemble with 300 K and 1 atm. The obtained 

density for the pure water and the salt water are 1.024 g/cm3 and 1.207 g/cm3, respectively. The 

experimental results for the densities of pure water and saturated salt water is 0.996 g/cm3 and 

1.200 g/cm3, respectively [153]. It can be seen that the simulation in this study produces nearly 

identical results of density with experiment. 
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 Figure 4-6 The variation of density during the equilibrium  

 

4.4 Simulation procedures 

All calculations are performed in the simulation box with periodic boundaries in the x-, y-, 

and z- directions. The van der Waals interaction is calculated with a cutoff distance of 10 Å. 

The particle-particle particle-mesh (PPPM) algorithm with a tolerance of 10-4 is applied to 

calculate long-range electrostatics. The timestep value is set to 1.0 fs, and the Nosé-Hoover 

thermostat [92] is employed to control the temperature through the whole simulation. During 

the SMD simulation, the lower part of epoxy is fixed so that it does not wander away. The 

simulation process in three systems is shown in Figure 4-7. Initially, the silica substrate, epoxy, 

water, and salt water models are combined for different systems. Then, a 100 ps equilibrium for 

three systems is performed under the NVT ensemble at 300 K. SMD is employed to simulate 

the interface friction process. As shown in Figure 4-5(a), the rigid layer of silica substrate is 

subjected to a pulling force in the x- direction with the constant sliding velocity (v). The normal 

stress (pz) is applied on the rigid layer of silica substrate during the NVT equilibration and SMD 

simulation. 
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 Figure 4-7 Molecular dynamics simulation process for three different systems. 

 

4.5 Results and discussions 

The forces on the silica atoms in the x- and z-directions are defined as friction force (Fx) 

and normal force (Fz), respectively. The friction performance in the surface can be expressed 

by the coefficient of friction (μ), which is given by 

N

xi

x i

N

z
zi

i

F
F

F
F

 = =



 (4.1) 

where N is the number of silica atoms; Fxi and Fzi are the interaction forces of atom i along the 

direction of x and z, respectively. In order to study the effect of normal stress on the friction 

behavior in different systems, normal stresses of 200, 400, 600, 800, and 1000 MPa are applied 

in the rigid layer of silica with a high sliding velocity of 100 m/s. The high sliding velocities 

have been employed to study friction mechanism in MD simulations by many researchers [115, 

123, 154, 155]. It has been found that the high sliding velocities used in MD simulations can 

closely simulate the sliding state of materials in the vicinity of the sliding interface in the 
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experiment, especially during the initial sliding stage [154]. The friction force, normal force, 

and the coefficient of friction are calculated by averaging the output value every 1ps during the 

sliding process in simulations. Figure 4-8 shows the variation of friction force at different 

normal stresses in the dry, pure water, and salt water systems. In order to deal with noisy data, 

the smooth curves of the friction force are obtained by the mean values of the original data. The 

friction force can be divided into the nonlinear zone during the initial sliding stage and the 

steady-state zone during the stable sliding stage. It increases more rapidly when higher normal 

stresses are applied during the initial sliding stage in three systems. Then, in the dry system, the 

friction force will decrease before it reaches the stable sliding stage (Figure 4-8(a)). In the pure 

water and salt water systems, the friction force continues to increase nonlinearly with the sliding 

displacement until it converges after the displacement is about 3.5 nm (Figure 4-8(b)&(c)). The 

interaction between silica and epoxy persists during the stable sliding stage, and the original 

curves of friction force fluctuate around a relatively fixed value. It can also be seen that the 

maximum friction force increases with the increment of the normal stress in the three systems. 

Hence, the normal stress during the sliding process has an essential effect on the surface friction 

behavior between silica and epoxy.  
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(b) Pure water system 

 

(c) Salt water system  

Figure 4-8 Friction force versus displacement curve under different normal stress 

To gain insight into the influence of normal stress on the friction behavior, the evolutions 

of interface structure at the normal stresses of 200, 600, and 1000 MPa in the three systems are 

depicted in Figure 4-9. There is direct contact between the epoxy molecules and the silica in 

the dry system, whereas water molecules and NaCl ions occupy the gaps between epoxy and 

silica in the salt water system. The distance between the rigid layer of silica and the fixed layer 
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of epoxy gradually decreases with increasing normal stress in three systems, indicating an 

increase in compression of the epoxy, silica, and water. The increased normal stress will 

increase the van der Waals forces between silica and epoxy due to the shortening of the distance 

between two layers. This leads to an increase in the maximum friction force with increasing 

normal stress. 

 

 Figure 4-9 Snapshot views of the interface friction behavior after sliding for 100ps. 

The tendency of the friction oscillation curve during the sliding process has a correlation 

with energy dissipation [156]. The silica substrate accumulates the potential energy in its 

original position before it moves. A sudden slip of silica substrate occurs when the potential 

energy is released, and the silica substrate will move forward in a non-uniform step. The 

diffusions of water molecules will be caused by the sliding of silica substrate, which is 

beneficial for the hydrodynamic lubrication at the contact interface [157]. In order to indicate 

the effect of the normal stress and water environment on friction oscillation, the amplitude of 

the friction force is presented in Figure 4-10 by using the friction force in Figure 4-8. It can be 

seen that the amplitude of friction force in the pure water system is smaller than that in the dry 

system. It indicates that the water molecules located between the epoxy and silica perform the 

role of lubricant to minimize the amplitude of the friction force in the pure water system. For 

the salt water system, water molecules have little effect on the amplitude of the friction force 

compared with the dry system. It indicates that the NaCl ions affect the lubricating properties 
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of the water molecules, especially when the normal stress is high. On the other hand, the 

amplitude of friction force in the pure water system increases with increasing normal stress. In 

order to explain this phenomenon, mean-squared displacement (MSD) and self-diffusion 

coefficient (D) of the pure water along the z-direction in different normal stresses is shown in 

Figure 4-11 to study the diffusions of water molecules, which are calculated by 

( ) ( ) ( )
1

1
0

n

j j

j

MSD t r t r
n =

= −  (4.2) 

( )
6

MSD t
D

t
=  (4.3) 

in which rj(t) is the position of atom j in the z-direction at time t; n is the number of atoms for 

the pure water model. The diffusions of water molecules are induced by the sliding of silica 

substrate. The change of relative position in the z-direction for the water molecules on the 

contact interface promotes hydrodynamic lubrication [123]. The higher MSD and self-diffusion 

coefficient are observed at lower normal stress. This indicates that the lubricating effect of water 

molecules is more pronounced at lower normal stress because the distribution of water 

molecules becomes scattered in the contact surface.  

 

Figure 4-10 The average amplitude of friction force in three systems under different normal 

stresses 
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 Figure 4-11 Mean-squared displacement of the pure water along the z-direction under 

different normal stresses. 

In order to further describe the friction behavior, the average coefficient of friction, normal 

force, and friction force calculated from Figure 4-8 at different normal stresses are shown in 

Figure 4-12. It can be seen that the normal force rises linearly with the increasing normal stress 

in the three systems. The highest and lowest values of the coefficient of friction are obtained 

for the dry and pure water systems, respectively. The difference in the average friction force is 

small in three systems at the same normal stress with high sliding velocity (v = 100 m/s). The 

values of coefficient of friction for salt water system are found between the highest and lowest 

values. The coefficient of friction has shown the trend of reduction in the three systems, which 

is consistent with the trend in the experimental results of Frost and Han [68]. On the other hand, 

the calculated normal force is highest in the pure water system with the same applied normal 

stress, followed by the salt water system, and lowest in the dry system. This indicates that water 

molecules induce an extra interaction force between the epoxy and the silica substrate in the z-

direction, while the NaCl ions reduce this interaction force. 
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(a) Dry system 

 

(b) Pure water system 
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(c) Salt water system  

 Figure 4-12 The variation of the average coefficient of friction, friction force, and normal 

force under different normal stresses 
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 Figure 4-13 Tangential stiffness versus sliding displacement under different normal stresses 

The roughness of FRP-sand surface can be described by the relationship between the peak 

interface friction coefficient and the normal stress, which has been studies by Frost and Han 

[68] with experiment. The peak interface friction coefficient is plotted against the normal stress 

in Figure 4-14. It can be seen that the peak interface friction coefficient tends to decrease with 

an increase of the normal stress. According to Archard’s theory [161], the relationship between 

peak interface friction coefficient and normal stress is given by 

2

1

C

p zC p =  (4.4) 

where μp is the peak interface friction coefficient; and, C1 and C2 are the constants. The constant 

C2 ranged from -0.33 to 0 indicates the change from a perfectly smooth surface to an extremely 

rough surface [161]. The constant C2 describes the roughness of the interface materials and can 

be obtained by fitting Eq.4.4. In the case of a relatively rough interface surface, the constant C2 

is higher. On the contrary, a lower constant C2 with a relatively smooth interface surface is 

obtained. The modeling results of constants C2 in this study fall within this range from -0.33 to 

0. The highest constant C2 is found in a dry environment, which is larger than that in pure water 
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and salt water systems. The constant C2 denotes the threshold for maintaining the interfacial 

stability, and a higher friction force is required to achieve the sliding of silica substrate in the 

dry system than pure water and salt water systems.  

 

 Figure 4-14 Peak interface friction coefficient versus normal stress 
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curve of friction force versus displacement at a velocity of 100 m/s, whereas this does not occur 

at lower velocities. The increasing sliding velocity can change the sliding state in the pure water 

and salt water systems, where the increase in maximum friction force is more pronounced than 

in the dry system.  
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(c) Salt water system  

 Figure 4-15 Friction force versus displacement under different sliding velocities 
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Figure 4-16 The average amplitude of friction force in three systems under different sliding 

velocities 

 

Figure 4-17 Mean-squared displacement of the pure water along the z-direction under 

different sliding velocities 

The coefficient of friction, normal force, and friction force at different normal stresses are 

shown in Figure 4-18. These results indicate that the coefficient of friction and friction force 
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sliding velocity in the pure water system, which indicates that the sliding velocity has little 

effect on the extra interaction force between the epoxy and the silica substrate induced by water 

molecules. The average friction force in the dry system is significantly higher than that in the 

pure water system at the same normal stress with low sliding velocity (1 m/s ≤ v ≤ 10 m/s), and 

this difference is small with high sliding velocity (v = 100 m/s). The coefficient of friction in 

the dry system is higher than that in the pure water and salt water systems under the sliding 

velocities of 1, 10, and 100 m/s during the initial sliding stage. 
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(c) Salt water system 

 Figure 4-18 The variation of the coefficient of friction, friction force, and normal force under 

different sliding velocities 

 

4.6 Conclusions 
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because the shortening of the distance between silica and epoxy increases the van der Waals 

forces between two layers. The nonlinear characteristic of the friction force is closely related to 

the diffusions of water molecules and the NaCl ions effect during the initial sliding stage. The 

water molecules act as a lubricant in the friction oscillation, which makes the friction amplitude 

smaller, while the ion reduces the lubrication effect. The distribution of water molecules 

becomes scattered in the contact surface at lower normal stresses, which further contributes to 

the hydrodynamic lubrication of water molecules.  

(3) The coefficient of friction is the highest in the dry system with the same applied normal 

stress, followed by the salt water system, and the lowest in the pure water system. The water 

molecules will induce an extra interaction force between the epoxy and the silica substrate in 

the z-direction, while this interaction force can be weakened by the NaCl ions. This results in a 

higher normal force and a lower calculated coefficient of friction in the pure water system. The 

relationship between the roughness of the interfaces in the three different systems has also been 

verified by an analytical equation based on Archard’s elastic deformation friction theory.  

(4) An increase in sliding velocity has a negligible effect on the calculated normal force 

and increases the maximum friction force, leading to an increase in the coefficient of friction. 

The water molecules play a minimal role as a lubricant at a higher sliding velocity during the 

initial sliding stage. The lubricant effect of water molecules becomes gradually apparent as the 

sliding velocity is reduced or the sliding stage of silica substrate has reached the steady-state 

zone. By analyzing the effects of sliding velocity, normal stress, water, and NaCl ions on the 

FRP pile-sand friction interface performance, this study can provide the fundamental insight 

for determining the settlement of FRP pile and the failure mechanism of the pile-soil system. 

It could be beneficial to estimate the load capacity in design for the FRP pile embedded in sand 

with different environments. 
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Chapter 5. Insight into enhancing foundation stability with rubber-

soil mixtures: A nanofriction study 

Abstract 

Ground vibration during earthquakes can lead to loss of soil strength and structural damage. 

Rubber-soil mixtures (RSM) show promise in mitigating the residual ground deformation under 

dynamic loading. The influence of clay minerals on soil frictional strength and system stability 

is essential in the context of earthquake mechanics. This study employs molecular dynamics 

(MD) simulations to investigate the friction behavior of the rubber-clay interface within the 

RSM system. The results indicate a direct correlation between normal stress and friction force, 

with denser soil systems exhibiting higher friction forces, analogous to natural soils. The 

increase in friction can be achieved by compacting the rubber and clay components in the RSM 

systems. The inclusion of rubber in the RSM significantly reduces the stick-slip motion at the 

montmorillonite-rubber interface, providing a damping effect that reduces the intensity of the 

stick-slip vibration during sliding. The friction force between the montmorillonite and rubber 

exhibits a velocity enhancement behavior. The higher the sliding velocity, the less the adaptation 

time for interfacial atoms, resulting in a higher friction force. The rubber/montmorillonite 

surface exhibits a higher friction coefficient at higher sliding velocities, effectively limiting the 

buildup of shear stress responsible for initiating stick-slip behavior. Comparisons with 

experimental data validate the accuracy of the calculated mechanical properties, work of 

adhesion, and friction coefficients. These results contribute to a better understanding of the 

friction behavior within the RSM system, facilitating its application in improving seismic 

resistance. 

 

Keywords: rubber-soil mixtures; rubber; montmorillonite; friction behavior; molecular 

dynamics  
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5.1 Introduction 

Pile foundations, which rely on the strength of the soil to support entire structures, are 

particularly susceptible to the effect of ground vibration induced by earthquakes. Under such 

conditions, the interaction between the pile and soft soil can result in significant tilting and 

settlement of the entire system, leading to severe structural damage. As shown in Fig. 1, rubber-

soil mixtures (RSM), which are primarily a combination of natural soil (e.g., clay and sand) and 

rubber granules, have potential applications in mitigating adverse effects of residual ground 

deformation under dynamic loading [162-165]. The use of RSM as a viable replacement for soil 

or rock in a wide range of fill applications has been included in ASTM standards [166]. When 

incorporated into the soil, the rubber granules act as a barrier to transmit seismic energy, thereby 

reducing the structure response during an earthquake and enhancing the stability of the 

foundation. As a lightweight and environmentally friendly material, the utilization of RSM 

shows considerable promise in improving the overall seismic resistance of structures [167, 168]. 

To further explore the application of RSM, extensive research has been conducted to 

investigate the pile-soil interaction through experiments and simulations when RSM is 

employed. Xiong and Li [169] conducted shaking table experiments and observed that a rubber 

content of 35% in the RSM layer provides effective seismic protection while meeting the 

superstructure bearing capacity requirements. Pitilakis et al. [170] developed a finite element 

model of a soil-structure system to validate the beneficial effects of using RSM as a foundation 

layer on the structural response under dynamic loading. Through dynamic vibration tests, Panah 

and Khoshay [171] demonstrated that RSM in a sleeved pile system meets the requirements of 

a seismic isolation system due to the energy-absorbing capabilities of the rubber particles. Tsang 

and Pitilakis [172] employed the finite element method to investigate the effect of soil 

liquefaction on pile behavior and to evaluate the improvements achieved through the utilization 

of RSM. Dutta and Nanda [173] found that a 2 m wide and 2.5 m deep RSM layer surrounding 

the pile can reduce pile head displacement by 40%. 
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Figure 5-1 The pile foundation using rubber-soil mixtures (RSM) layer 

As an abundant geomaterial, clay minerals play an important role in controlling soil 

behavior in geotechnical applications [174, 175]. Understanding how clay minerals influence 

friction strength and stability behavior in earthquake mechanics is essential for geotechnical 

engineering [176]. In contrast to the inelastic response of natural clay, RSM possesses important 

properties such as low stiffness and a nearly linear elastic response, making it an effective 

material for seismic isolation and contributing to the dissipation of seismic motion [177]. 

Therefore, the friction behavior within the RSM surrounding the pile under seismic loading 

differs from that of natural clay, due to the unique properties and multiphase hybrid nature of 

RSM. Although macroscopic experiments provide valuable insights, they may not fully 

elucidate the mechanisms occurring at the particle contact surface. To gain a deeper 

understanding of the fundamental friction mechanisms at the atomic scale, molecular dynamics 

(MD) simulations have proven to be an excellent tool. Researchers have recently employed MD 

simulations to investigate the nanoscale friction characteristics of montmorillonite, which 

enables the prediction of the shear strength properties of clays in geotechnical engineering [115, 

174, 178]. However, the friction properties between rubber and clay within the RSM system 
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have not yet been investigated at the nanoscale. Thus, there is a need to extend the study of 

friction mechanisms in rubber/clay systems from the macroscopic to the microscopic level. The 

simulation results will not only enhance our understanding of the intricate interactions between 

rubber and clay but also pave the way for more accurate modeling and design approaches for 

RSM in geotechnical engineering applications. 

Understanding the friction behavior of RSM at different sliding velocities and normal 

stresses is essential for assessing their dynamic response during seismic events. 

Montmorillonite clay, due to its low friction coefficient and high expansibility, has a significant 

impact on controlling soil strength [115]. The optimal interfacial distance and work of adhesion 

between the montmorillonite and rubber are calculated. In the steered molecular dynamics 

(SMD) simulation, an external force is applied to the montmorillonite along the rubber surface. 

This approach allows for a comprehensive investigation of the friction behavior and underlying 

mechanisms within the RSM system. The friction behavior of the rubber/clay interface is 

investigated under different contact conditions. The variation of the normal stress and the 

influence of the sliding velocity on the friction coefficient for the RSM systems are thoroughly 

investigated. The primary objective of these simulation results is to elucidate the friction 

mechanism at the interface between rubber and montmorillonite in the RSM system. The 

findings may have implications for the design and optimization of engineering applications 

involving RSM materials, allowing for considerations of different soil pressures and sliding 

velocities. 

 

5.2 Methodology 

5.2.1 CVFF and CLAYFF force field 

The accurate description of the atomic interactions using a force field is crucial for the 

simulation of the interface model. In this study, the Consistent Valence Force Field (CVFF) [53] 

is used to determine the atomic interactions in the rubber model. The CVFF has been widely 

used in rubber simulation studies [179-182], demonstrating its effectiveness. The CLAYFF 
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force field [54], which is widely used for clay minerals [82, 110, 183, 184], is employed to 

govern the interactions between montmorillonite atoms. The intermolecular interaction between 

montmorillonite and rubber is non-bonding interaction contributions for van der Waals (VDW) 

and electrostatic potential. Both CLAYFF and CVFF utilize the identical expression for VDW 

energy, which is based on the 12-6 Lennard-Jones potential with the Lorentz-Berthelot 

combination rule [55]. The non-bonding interaction between two atoms is truncated at a cut-off 

distance of 10 Å. The long-range electrostatics are calculated using the the particle-particle 

particle-mesh method [91], with a tolerance of 10-4. The timestep for the MD simulations is set 

to 1.0 fs and the Verlet algorithm is employed to integrate the motion equation.  The simulations 

are performed using the LAMMPS code [87], and the visualization of the models is performed 

using the OVITO software [145]. 

 

5.3 Model construction 

5.3.1 Montmorillonite model 

In this work, the Wyoming-type Na-montmorillonite model is utilized, which consists of 

a tetrahedral-octahedral-tetrahedral structure. This structure includes an alumina octahedral 

sheet sandwiched between two silica tetrahedral sheets. The lattice parameters introduced by 

Viani et al. [185] are as follows: a = 5.18 Å, b = 8.98 Å, c = 15.0 Å, and α = γ = β = 90°. The 

chemical formula of the model is Na0.75(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4, in which aluminum 

(Al3+) and (silica) Si4+ are isomorphically substituted at random by magnesium (Mg2+) and 

aluminum (Al3+), respectively. This substitution scheme has been extensively investigated in 

various studies [183, 186-188].  

To create a montmorillonite supercell, the unit cell is replicated in the in x-, y-, and z-

directions, resulting in a periodic 8a × 6b × 4c supercell. The montmorillonite substrate consists 

of a total of 7824 atoms and has the dimensions of x = 41.4 Å, y = 53.9 Å, and z = 38.4 Å, as 

depicted in Figure 5-2. Here, the x-, y-, and z-directions correspond to the crystal directions 

(100), (010), and (001), respectively. 
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 Figure 5-2 The molecular structure of the montmorillonite unit cell and the 8a × 6b × 4c 

montmorillonite supercell 

 

5.3.2 Rubber model 

The majority of rubber particles have diameters in the range of 1 to 2 mm and consist of 

material components such as rubber hydrocarbon, carbon black, acetone extracts and other 

components. Rubber hydrocarbon, which consists primarily of cis-1,4-polyisoprene repeating 

units, is the main component and constitutes 45.2% of the rubber particles [182]. In a study by 

Sharma et al. [189], a chain length of 32 monomeric units (n = 30) is found to adequately 

represent the polymer-like behavior of rubber. Therefore, in order to accurately and effectively 

predict the structural and mechanical properties of the rubber phase, this simulation includes 32 

repeating units in a chain. The rubber model constructed for this purpose consists of a total of 

20 chains and is shown in Figure 5-3. The model contains a total of 8420 atoms and is enclosed 

in a box with dimensions of x = 41.4 Å, y = 53.9 Å, and z = 65 Å, and α = β = γ = 90°. 
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 Figure 5-3 Chemical structure of cis -1,4-polyisoprene and rubber model 

The calculated and experimental densities (ρ) of rubber at 298 K and 1 atm pressure have 

been presented in Table 5-1. Then, the glass transition temperature (Tg) of rubber is determined 

by analyzing the temperature dependence of the polymer density. Figure 5-4 illustrates the 

density of the rubber model as a function of temperature (T), ranging from 125 K to 300 K. The 

curve exhibits two linear regions corresponding to the glassy and rubbery states of the polymer 

material. The abrupt change in the slope in the density-temperature curve indicates the 

occurrence of the glass transition, as presented in Figure 5-4. The equilibration of the system 

under the NPT ensemble is carried out for 1 ns, and the density data is collected after a 0.4 ns 

equilibration procedure.  
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 Figure 5-4 Density of rubber model with the variation of temperature 

Linear regression is employed to fit the data, allowing the coefficient of thermal expansion 

(CTE) to be calculated from the slopes of the volume change curves, as shown in Figure 5-5. 

The equation for the volumetric CTE (α) is given by: 

1

P

V

V T


 
=  

 
 (5.1) 

The values of α are calculated by analyzing the slopes of the volume-temperature curves 

within a temperature range above Tg [189]. The calculated α values, along with the experimental 

values for rubber, are also listed in Table 5-1. It is worth noting that all calculated ρ, α, and Tg 

values exhibit less than a 5% error when compared to the corresponding experimental values, 

thereby validating the accuracy of the rubber model constructed in this study. 
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 Figure 5-5 Rate of volume change with the temperature 

 

Table 5-1 Material properties of MD simulation and experimental data for rubber 

Material properties 

MD simulations 

Experiments [190-194] 
Present sudy 

Sharma et al., 2016 

[189] 

ρ (g/cm3) 0.90 0.908 0.91  

Tg (K) 210 209 200 

α (K-1) 6.12 × 10−4 5.1 × 10−4 6.1 × 10−4 

 

5.3.3 Montmorillonite-rubber system 

The schematic representation of the montmorillonite/rubber system in a box with 

dimensions of x = 41.4 Å, y = 53.9 Å, and z = 110 Å, and α = β = γ = 90°, consisting of a total 

of 16244 atoms, is shown in Figure 5-6, which merges the montmorillonite model from Figure 

5-2 and the rubber model from  Figure 5-3.  
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 Figure 5-6 Schematic view of the montmorillonite-rubber system 

To determine the optimal interfacial distance between montmorillonite and rubber, a series 

of simulations are run with different initial interfacial distances. These simulations were 

equilibrated for a duration of 1 ns within the NVT ensemble using a time step of 1.0 fs and a 

temperature of 300K. The plot in Figure 5-7 exhibits the relationship between total energy and 

interfacial distance. It is evident that the minimum total energy of the montmorillonite-rubber 

system is observed at an interfacial distance of 4.4 Å. As a result, the optimal interfacial distance 

of 4.4 Å is chosen to establish the most stable combined system, which will also serve as the 

basis for investigating the friction behavior between montmorillonite and rubber. 
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 Figure 5-7 Variation of total energy of montmorillonite/rubber system with initial interfacial 

distance 

The work of adhesion, which represents the energy required per unit area to separate an 

interface into two free surfaces, is a basic interfacial parameter [195]. It serves as a valuable 

metric for evaluating and predicting the mechanical properties of the interface between rubber 

and montmorillonite. The work of adhesion is calculated using the following equation: 

+

2

M R CombineE E E
W

A

−
=  (5.2) 

where A is the area of the contact surface; Ecombine represents the total energy of the 

montmorillonite-rubber system; and, EM and ER correspond to the total energies of the 

montmorillonite and rubber systems, respectively.  
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 Figure 5-8 Variation of total energies of three systems with simulation time 

Figure 5-8 illustrates the calculations performed in the NVT ensemble, employing a 

temperature of 300 K and an equilibration duration of 1 ns for the montmorillonite, rubber, and 

montmorillonite/rubber systems. The total energy of all three systems is determined by 

averaging the values after 0.1 ns in the equilibrium state. According to Eq. 5.2, the calculated 

work of adhesion between montmorillonite and rubber is found to be 75.2 mJ/m2. Table 5-2 

presents the experimental results of the work of adhesion between montmorillonite and rubber, 

indicating that the results obtained in this study are generally consistent with the experimental 

results. On the other hand, the calculated values are relatively smaller when compared to the 

results observed for montmorillonite with other polymers, such as epoxy and polystyrene. 

 

Table 5-2 Work of adhesion for different interfacial material 

Work of adhesion 

(mJ/m2) 
Methods Interfacial material 

75.2 MD simulation Montmorillonite and rubber in this study 

67.63 Experiments Unmodified clay and rubber [196] 
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82.9 Unmodified clay and rubber [197] 

70.26 Montmorillonite and rubber [198] 

98.6 Montmorillonite and epoxy [118] 

92.5 Montmorillonite and polystyrene [199] 

 

5.4 Simulation details 

The simulation box dimensions of the montmorillonite/rubber system are x = 41.4 Å, y = 

53.9 Å, and z = 110 Å, with α = β = γ = 90°. As shown in Figure 5-6, the system is partitioned 

into five distinct sections, arranged from top to bottom as follows: 

(a) a rigid montmorillonite layer (3 Å) experiencing normal stress and pulling force, without 

undergoing structural deformation. 

(b) a thermal control layer consisting of a free montmorillonite layer (6 Å)  

(c) another free montmorillonite layer (~27 Å)  

(d) a free rubber layer (~33 Å) 

(e) a fixed rubber layer (~15 Å) to keep the system stable. 

To prevent interaction between the montmorillonite and the rubber on the opposite side, 

an appropriate vacuum region is created in the system along the z-direction. Periodic boundary 

conditions are employed in both the x- and y-directions to address boundary effects in the model. 

The thickness of the free layer is set to be larger than the cutoff distance in the model to 

minimize the influence of the rigid and fixed layers on the contact surface between the 

montmorillonite and rubber.  

A MD simulation conducted at 300 K revealed an ultimate stress of 28.05 GPa for Na-

montmorillonite in the z-direction [200]. To prevent structural failure, a series of normal stresses 

from 1 to 10 GPa are selected, which are well below the reported ultimate stress. The 

macroscopic velocity of earthquake-induced sliding motion of the soil can reach 30 m/s [201]. 

Since there is a lack of existing literature specifically addressing the friction force and sliding 

velocity in atomic-scale RSM systems, the values employed in this study are based on 

comparable parameters reported in previous nanofriction simulations. A range of values for 
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normal stress (1 to 10 GPa) and sliding velocity (10 to 100 m/s) are employed, which have been 

previously utilized by several researchers investigating interfacial friction [115, 202-205].  

Table 5-3 illustrates the simulation procedures for the friction process, wherein the 

minimization procedure is implemented to determine the geometric conformation of all models 

using the conjugate gradient method. Then, simulations of the montmorillonite-rubber system 

are conducted under various normal stresses within the NVE ensemble for a duration of 1 ns, 

allowing the systems to reach their equilibrium states. Simultaneously, a thermal control layer 

composed of montmorillonite is employed to maintain the system at a constant temperature, 

which is achieved by thermally scaling the atom temperatures to 300 K using the Langevin 

algorithm [87] with a damping constant of 100 fs. Once relaxation is achieved for all systems, 

the interfacial friction process is simulated using SMD simulations. In the following step, the 

rigid layer of montmorillonite is subjected to constant-velocity pulling forces for the interfacial 

friction behavior between montmorillonite and rubber, thus simulating shear phenomena. This 

similar configuration for simulating friction has been previously documented by Dai et al. [206], 

Chatterjee et al. [128], Chen et al. [123], and Yuan et al. [202]. 

 

Table 5-3 Procedures for the SMD simulation of montmorillonite-rubber system 

Step Procedures Configurations 

1 Minimize Conjugate gradient method  

2 Equilibrium 

a) Apply NVE ensemble to the system and run for 1 ns. 

b) Apply normal stress on the rigid montmorillonite layer. 

c) Maintain temperature in the thermal control layer of 

montmorillonite using the Langevin algorithm. 

3 SMD 

Based on the Equilibrium stage, perform a series of SMD simulations 

by pulling the rigid montmorillonite layer with constant velocities 

along the horizontal (y) direction. 
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5.5 Results and discussions 

5.5.1 Influence of normal stress on friction behavior 

The ground vibration during earthquakes induces a decrease in effective stress, leading to 

a decrease in the friction forces between soil particles. An effective approach to improve 

liquefaction resistance is soil densification, aiming to achieve a relative density greater than 70% 

as recommended by studies [207, 208]. To investigate the similarity of particle friction in the 

RSM system to that of natural soils, SMD simulations are utilized. These simulations enable 

the examination of friction behavior between montmorillonite and rubber under various normal 

stress conditions. 

Figure 5-9 illustrates the variation of the friction force with the sliding distance in the y-

direction under normal stresses of 1 GPa, 5 GPa, and 10 GPa. The friction force gradually 

increases with increasing sliding distance and reaches a stabilized state after 5 nm. In addition, 

the friction force tends to increase with the increase of normal stress level. A higher normal 

stress can result in a denser RSM. These findings indicate that the behavior of the RSM system 

is similar to that of natural soils, where denser soil systems typically exhibit higher friction 

forces. Consequently, in the design of RSM systems, enhancing the friction force can be 

achieved through the compaction of the rubber and clay components. This approach holds the 

potential to significantly improve the engineering applications of RSM. 
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Figure 5-9 Friction force versus sliding distance curve under various normal stresses 

Figure 5-9 also provides a force-displacement curve of the hydrated montmorillonite-

montmorillonite interface, revealing the presence of a pronounced stick-slip effect during the 

sliding process. These results are obtained from an MD simulation performed by Wei et al. 

[115], where the interface was subjected to a normal stress of 10 GPa and a sliding velocity of 

100 m/s. The occurrence of stick-slip friction holds considerable effect in stability and behavior 

of the soil during the earthquake [209]. During the slipping phase of stick-slip behavior, the 

rapid movement of soil particles may create a pumping effect that draws water into the voids 

between the soil particles. It has been reported by Finnegan et al. [210] that higher pore water 

pressures are accompanied by a more frequent occurrence of the stick-slip behavior. Therefore, 

when the soil exhibits stick-slip behavior, the increase in pore water pressure during the slip 

phase reduces the effective stress and shear strength of the soil, making it more susceptible to 

liquefaction.  

It is worth noting that the presence of stick-slip motion at the montmorillonite-rubber 

interface is significantly reduced, as shown in Figure 5-9. This reduction can be attributed to 

the influence of the rubber component within the RSM system. Earlier experimental results 
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indicate that the inclusion of smooth rubber blocks in the friction system contributes to a certain 

degree of reduction in stick-slip vibration intensity compared to the original friction system 

without rubber blocks [211]. The incorporation of rubber in soils provides damping effects and 

increases the energy dissipation during sliding [212]. This damping effect reduces the 

magnitude and frequency of the stick-slip cycles, thereby minimizing the occurrence of stick-

slip behavior. Then, the reduction of stick-slip behavior within the RSM system reduces the 

fluctuation of pore water pressure within the soil. Then, the general response of the foundation 

resting on the RSM system may be reduced when subjected to seismic excitation. 

 

 Figure 5-10 Snapshots of interfacial friction behavior at different normal stresses 

The snapshots of the interface structure at different normal stresses (0, 1, 5 and 10 GPa) 

are shown in Figure 5-10. Observation of the snapshots shows that as the normal stress increases, 

the distance between the top of the montmorillonite and the bottom of the rubber gradually 

decreases, indicating progressive compression of the RSM system. The distances of 5.4, 10.4 

and 13 Å represent the reduction distances of the montmorillonite/rubber system under normal 

stress of 1, 5, and 10 GPa in the z-direction, respectively. Sliding motion between two surfaces 

requires the expenditure of energy to overcome the adhesive forces that impede their relative 

motion [213]. The reduced distance between the two layers allows more atoms to interact. The 

increased normal stress results in a corresponding increase in van der Waals forces between the 

montmorillonite and rubber. The stronger van der Waals forces contribute to the intermolecular 

interactions between montmorillonite and rubber, increasing the surface friction force and 
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influencing their adhesive properties and overall interface behavior. 

To better understand the interaction between two surfaces, the Radial Distribution 

Function (RDF), also called g(r), defined as the probability of finding an atom at a distance r 

from another atom chosen as a reference, is calculated. The RDF is used to reveal the atomic 

distribution and possible interactions between the rubber and the montmorillonite. The RDF 

curves of carbon (CR) and hydrogen (HR) atoms in rubber with atoms in montmorillonite are 

shown in Figure 5-11. Distinct peaks can be observed in the RDF curves of CR and HR with 

tetrahedral atoms (OM, SiM) and Na ions in montmorillonite, but not with octahedral atoms (AlM, 

HM). In particular, the position of the first peak of 
R MC -Na ( )g r  is found 2.8 Å and for 

R MH -Na ( )g r  is 

2.8 Å, indicating that sodium ions can act as a bridge between the rubber and montmorillonite, 

attracting the nonpolar rubber to bind to the polar MMT surface. Furthermore, the positions of 

the first peaks of 
R MC -O ( )g r , 

R MH -O ( )g r , 
R MC -Si ( )g r and 

R MH -Si ( )g r  are 3.6 Å, 2.7 Å, 4.0 Å and 3.5 Å, 

respectively. The interaction distance between the rubber and montmorillonite is 2.7 to 4.0 Å, 

suggesting that their interaction is mainly dominated by van der Waals forces through cation 

bridging. 
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(b) 

Figure 5-11 RDF curves of (a) carbon atom of rubber and various atoms of montmorillonite 

and (b) hydrogen atom of rubber and various atoms of montmorillonite (Note that the 

subscript M and R denote montmorillonite and rubber, respectively) 

 

5.5.2 Influence of sliding velocity on friction behavior 

The friction force between two surfaces at the nanoscale is influenced by several factors, 

and the sliding velocity is one of the critical parameters. At the nanoscale, the relationship 

between friction force and sliding velocity might exhibit unique characteristics due to the 

dominance of various nanoscale phenomena. In order to explore the effect of sliding velocity 

on friction behavior, the relationships between the pulling force and sliding displacement are 

studied at the sliding velocities ranging from 10 to 100 m/s. The normal stress applied to the 

rigid montmorillonite layer is 10 GPa. 
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 Figure 5-12 Friction force versus displacement curve under different sliding velocities  

Figure 5-12 illustrates a clear correlation between sliding velocity and friction force, 

indicating that the friction force increases as the sliding velocity increases. At the nanoscale, 

the friction force between montmorillonite and rubber exhibits a velocity-dependent behavior, 

manifesting the velocity enhancement phenomenon resulting from intricate interactions 

between surface structures. As the sliding velocity increases, the contact time between the 

montmorillonite and rubber surfaces decreases, leaving less time for the interfaces to adjust and 

adapt to each other. Then, sliding at higher velocities will induce surface rearrangement or 

reconstruction processes. Due to the limited time available, the montmorillonite/rubber surface 

may not have the opportunity to rearrange into a more favorable configuration at faster sliding 

velocities, contributing to the observed increase in surface friction force. 

As mentioned earlier, stick-slip behavior is commonly observed in nanoscale friction. 

Stick-slip motion is observed at a sliding velocity of 10 m/s, but not at faster sliding velocities 

(50 and 100 m/s). In order to study the stick-slip behavior at a sliding velocity of 10 m/s, the 

results of MD simulations for the montmorillonite-montmorillonite interface subjected to a 

normal stress of 10 GPa and a sliding velocity of 10 m/s are introduced for comparison [115]. 
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The results reveal a significant increase in the occurrence of stick-slip motion compared to the 

calculated results for the montmorillonite/rubber interface at lower sliding velocities. This 

finding is consistent with the weakened stick-slip phenomenon observed in Figure 5-9, 

reconfirming the role of rubber in mitigating stick-slip motion in the friction behavior of the 

RSM system. Therefore, the differences in material properties between the 

rubber/montmorillonite and montmorillonite/montmorillonite interfaces result in increased 

adhesion forces and sliding resistance for the montmorillonite/montmorillonite interface, 

leading to more pronounced stick phases during sliding. 

The interfacial friction coefficient plays a key role in the analysis of the interfacial friction 

process, and its calculation is determined by the formula [214, 215]: 

f

n

F

F
 =  (5.3) 

where Ff denotes the friction force, μ represents friction coefficient, Fn is the applied normal 

force. The peak interface friction coefficient is an important parameter to analyze the interface 

friction process, which is calculated by the formula [129]: 

( )1 2lnp zC p C = +  (5.4) 

where C1 and C2 are the constants, and μp is the peak interface friction coefficient, which is 

obtained from the average value of the friction coefficient after sliding 3 nm. It can be seen in 

Figure 5-13 that an increase in the normal stress results in a concomitant decrease in the 

interface friction coefficient, a trend that is consistent with the findings from the interface shear 

test between polymer and soil [129]. In addition, the rubber/montmorillonite surface has a 

higher friction coefficient with higher sliding velocity, which effectively limits the buildup of 

shear stress responsible for initiating stick-slip behavior. This increasing sliding velocity 

between the rubber and clay surfaces promotes smoother sliding motion, thereby reducing the 

likelihood of abrupt movements commonly associated with stick-slip behavior.  
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 Figure 5-13 Variation of peak interface friction coefficient with normal stress  

Table 5-4 presents the results of the current calculations along with relevant experimental 

data on the friction coefficient. The friction coefficients calculated in our study show a 

consistent agreement with the results of previous research. Slight differences are observed 

between the results of this study and those of previous investigations due to factors such as 

scale effects, moisture content, sliding velocity, and other relevant variables.  

 

Table 5-4 The calculated friction coefficient with previous experimental results 

Friction 

coefficient 
Methods Notes 

0.05 to 0.2; 

0.11 to 0.81; 

0.18 to 1.52 

MD simulation 
Montmorillonite and rubber with sliding 

velocity of 10, 50, and 100 m/s in this study 

0.50 Sliding wear test [216] Butadiene rubber and unmodified 

montmorillonite  

0.28 to 0.43 Laboratory experiment 

[217] 
Rubber and sandy clay (33.3% clay ratio) 
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0.30 to 2.34 Atomic force microscope  

experiment [218] 

BIMS rubber and nanoclay (8 to 16 parts per 

hundred grams of rubber)  

0.03 to 0.33 Biaxial frictional testing 

[219] 

Na-montmorillonite and Na-

montmorillonite with different relative 

humidity. Values are obtained at shear 

displacement of 10 mm and normal stress of 

10 MPa  

 

5.6 Conclusions 

Understanding the friction behavior of rubber/soil interfaces of RSM has potential 

implications for mitigating structure response and enhancing the stability of geotechnical 

structures in seismic regions. In this study, extensive investigations of the friction behavior and 

mechanism within the RSM system are carried out using MD simulations between the 

montmorillonite/rubber interface. The main findings can be summarized as follows: 

(1) The friction force between montmorillonite and rubber increases with sliding distance and 

is influenced by the applied normal stress. Compacting the rubber and clay components in 

the RSM system can increase friction force, resulting in the improved mechanical properties 

of RSM in engineering applications. 

(2) The inclusion of rubber in the RSM system significantly reduces the stick-slip motion at the 

montmorillonite/rubber interface in comparison to the original friction system without 

rubber. This leads to a potential reduction in the general response of foundations based on 

RSM systems when subjected to seismic excitation.  

(3) The observed correlation between sliding velocity and friction force indicates that as the 

sliding velocity increases, the friction force between montmorillonite and rubber also 

increases. This velocity dependent behavior of the friction force is attributed to the 

nanoscale velocity enhancement phenomenon. Sliding at higher velocities limits the time 

for interfacial adaptation and rearrangement, contributing to the observed increase in 

friction force between montmorillonite and rubber. 
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(4) Stick-slip motion is observed at a sliding velocity of 10 m/s, but not at higher sliding 

velocities (50 and 100 m/s) at the montmorillonite-rubber interface. The higher sliding 

velocity at the rubber/montmorillonite interface limits the buildup of shear stress 

responsible for initiating stick-slip behavior, promoting smoother sliding motion and 

reducing the likelihood of abrupt movements associated with stick-slip behavior. 

(5) The optimal interfacial distance and work of adhesion between the montmorillonite and 

rubber are calculated to be 4.4 Å and 75.2 mJ/m2, respectively. Comparison of the 

mechanical properties, work of adhesion, and friction coefficients with relevant 

experimental data shows consistent agreement, confirming the validity of the constructed 

interface model. 
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Chapter 6. Formulation and numerical applications of efficient pile-

soil integrated element considering structural inelasticity 

Abstract 

The prediction of pile behavior under extreme loading is an essential consideration in the 

design. The pile behavior at a large displacement level is governed by the pile-soil interaction 

and the material inelasticity. The conventional numerical model using a large number of 

elements is inefficient for modelling the nonlinear pile-soil interaction and structural inelasticity 

in finite element analysis. To accurately and effectively evaluate the behavior of piles under 

extreme loading, this work develops a pile-soil integrated element considering structural 

inelasticity. The pile-soil interaction force can be efficiently evaluated according to the soil 

resistance at the Gauss integration points. The different types of p-y and t-z curves can be 

applied in this element to represent soil properties at any soil depth. Zero-length plastic hinges 

at the ends and middle of an element are used to capture the inelastic behaviour of a pile. The 

plastic hinges and the soil springs are integrated into the proposed element formulations, and 

thus one element type is sufficient to conveniently simulate the nonlinear pile-soil interactions. 

Comparisons between the results of the elastic pile element and the data from published 

literature and field tests are provided to validate the accuracy and efficiency of the proposed 

method. 

 

Keywords: Finite-element method; inelastic analysis; pile-soil interaction; nonlinear 

analysis; plastic hinges 
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6.1 Introduction 

The prediction of settlement and lateral deflection of the pile foundation plays an essential 

role in engineering practice. The behaviors of the pile and its surrounding soil are usually 

considered linear and elastic in design [220-222]. However, the linear elastic analysis fails to 

predict pile behaviours accurately in the large deformation range [223-226]. The inelastic 

response of the pile’s material affects the behavior of the pile-soil system under heavy loading 

conditions. On the other hand, the pile-soil interaction is highly nonlinear due to the 

complicated geological conditions, especially when the pile is embedded in multi-layered soils 

[227-230]. For a proper design of piles under heavy loading in complicated geological 

conditions, the soil and material nonlinearity should be explicitly considered in the analysis. 

Several studies have been conducted on simulations of the inelastic behavior of piles, 

which can be classified into two main categories: distributed plasticity and plastic hinge models. 

Some researchers [221, 231-233] developed the distributed plasticity model to simulate the 

material nonlinearity of the pile at any cross-section, which subdivided the cross-section of 

elements into fibers. The distributed plasticity model is sophisticated but computationally 

expensive, and its computational time is over ten times longer than that of the plastic hinge 

model [234]. Such an inefficiency is more profound for a large-scale three-dimensional (3D) 

soil-structure integration analysis with thousands of piles. 

In the plastic hinge model, the pile is assumed to remain elastic except at the critical 

location where the plastic hinge is allowed to form [235]. Chai [236] developed a simplified 

model to simulate the lateral response of the pile-soil system by an equivalent fixed-base 

cantilever with a single plastic hinge (SPH). However, the nonlinearity of the soil and the 

influence of the inelastic behavior of partially embedded piles are not considered [237]. Budek 

et al. [238] conducted the finite element (FE) analysis of the pile-soil system subjected to lateral 

loading. The total plastic bending deformation within the plastic zone is represented by the 

zero-length SPH. The SPH model has also been adopted by Song et al. [239] to determine the 

ductility of piles in several selected limit states. Chiou et al. [240, 241] and Zhang et al. [242] 

extended the SPH to the plastic zone with numerous plastic hinges through the software 

SAP2000. This model tracks the development of the plastic zone by using numerous plastic 

hinges within the possible plastic zone of the pile. The location and size of the plastic zone are 

necessary to estimate in advance to determine the plastic deformation of the pile shaft. 
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In addition to the modelling of the structural inelasticity, the nonlinear pile-soil interaction 

is commonly considered by the discrete spring elements model [15, 238, 240-249]. The pile-

soil system is simplified to the pile being represented by structural beam elements and the soil 

resistance being represented by nonlinear discrete spring elements. The actual soil resistance 

distribution along the pile is approximated as a series of equivalent point loads acting on the 

element nodes via discrete springs. The length of the structural beam element cannot be too 

large in order to adequately capture the nonlinearity of pile-soil interaction; otherwise, it will 

lead to serious inaccuracies. Therefore, this model inevitably requires extensive structural beam 

elements and spring elements, especially when the p-y or t-z curves are highly nonlinear. 

Recently, Li et al. [250] developed the elastic pile element (EPE) model to robustly simulate 

the behaviors of the pile under loadings in 3D analysis. The soil springs are directly 

incorporated into the element formulation by the Gauss-Legendre integration method to 

consider the variations of soil resistance within the element. The soil spring elements are 

unnecessary, and much fewer elements are required, which significantly increases the efficiency 

of the FE analysis of the pile-soil system. However, the EPE model assumes the pile material 

is elastic, which would lead to errors in the prediction of pile behaviour under heavy loading 

conditions. To the authors’ knowledge, although piles are one of the important components of 

a structure, there is no specific element type that can integrally simulate the pile-soil system in 

FE models considering both soil nonlinearity and structural inelasticity. The implementation of 

the specific element analysis for the pile-soil system has the potential to promote the coupling 

analysis between the pile-soil system and the superstructure. 

Therefore, based on the previous studies on 3D EPE model, this work aims to develop a 

pile-soil integrated element that can conveniently simulate the soil and material nonlinearity. 

The material-yielding and nonlinear soil-pile interactions are considered through zero-length 

plastic hinges and soil springs, respectively. The plastic hinges are assigned at the ends and 

middle of the element. The hinges and the soil spring are directly integrated into this element 

formulation avoiding the tedious modelling process in the conventional analysis method. In this 

work, the definitions and formulations of the proposed method are given. The numerical 

solution procedure for calculating the pile response in the geometrically nonlinear analysis is 

introduced. The proposed method is compared with the existing numerical solutions and 

validated against field tests of axially and laterally loaded piles. 
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6.2 Numerical model  

As shown in Figure 6-1, a pile subjected to axial and lateral loads embedded in different 

soil layers, L1 to Lj, is simulated by the proposed model. To address the limitation of the EPE 

model, this work extends its element formulations by reformulating the element stiffness 

matrices and nodal forces to allow inelastic analysis of pile behavior. The co-rotational 

formulation [251, 252] is employed in this study to decompose the motion of elements into 

rigid body and pure deformation components by utilizing a local coordinate system of 

continuous rotations and translations. The element formulations are derived from the local 

coordinate system, where the deformations of the element are captured. The origin of the 

coordinate system is located at the middle of the element. Due to the existence of the internal 

plastic hinge in the middle of an element, the proposed element has six internal degrees of 

freedom in the 3D space compared to the conventional beam-column element. The plastic 

hinges are also added to the element ends so that each element allows the development of three 

plastic hinges, which can reflect inelastic behavior and allow for large deformation along the 

pile length. There is no need to estimate the location of plastic hinge regions in advance. The 

internal degrees of freedom are further incorporated into the element stiffness matrix using the 

static condensation algorithm [253]. Therefore, there is no additional degree of freedom 

generated in the global stiffness equation, which provides simplicity and convenience to 

calculation programs. The plastic hinges at the two ends and middle of an element have also 

been used to solve various types of structural inelastic analysis problems [254-257]. 

The soils surrounding the pile are modeled as a series of zero-length soil springs and 

integrated into the element formulations. The properties of the soil springs in horizontal and 

vertical directions are described by using p-y curves and t-z curves, respectively. The Q-z curve 

is also assigned to describe the relationship between the end bearing capacity and the axial 

displacement of the pile toe. The pile-soil interaction force can be efficiently evaluated 

according to the soil resistance at the Gauss integration points, and the different types of p-y 

and t-z curves can be applied in this element to represent soil properties at any soil depth with 

the plastic development of surrounding soil during loading.  

This proposed element is developed based on the following assumptions: (a) The portion 

of elements except for the plastic hinges which have been formed is assumed to remain elastic; 

(b) The Euler-Bernoulli assumption is adopted; (c) warping deformation is not considered; and, 
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(d) pile material is homogeneous and isotropic. 

 

 

Figure 6-1 Proposed 3D pile-soil integrated element considering structural inelasticity 

 

6.3 Proposed element formulations  

6.3.1 Total potential energy 

The total potential energy of the element for the pile-soil system is given by: 

E SU U V = + +  (6.1) 

where UE is the element strain energy for the pile; US is the element strain energy for the soil 

springs; and, V is the external work done. 

The strain energy function can be calculated by: 
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in which l is the element length; Ep is Young’s modulus of the pile; A is the cross-sectional area 

of the pile; Iy(x) and Iz(x) are the second moments of area in the y- and z-axis, respectively; G 

is the shear modulus of the pile; Ry and Rz are the parameters of material plasticity in the y- and 

z-axis, respectively; and J is the torsional constant of the pile; and, sx(x), tx(x), sy(x), and sz(x) 

are the vertical displacement along the x-axis, torsional rotation along the element length, lateral 

displacements along y- and z-axes, respectively, as shown in Figure 6-2, which are defined by 

interpolation functions given by: 
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where Sx is the axial deformation along the element; θx, θy, and θz are the rotations along the 

corresponding coordinate axes, respectively; uy and uz are the lateral deflections at the plastic 

hinge along y- and z-directions, respectively; and, θh is the rotation at the plastic hinge position. 

Throughout this work, the subscripts x, y, and z denote the corresponding axial directions, and 

subscripts 1 and 2 denote the two ends of an element, respectively. The above nodal 

deformations for the 3D element are illustrated in Figure 6-1. 
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Figure 6-2 The deformation of a point in local coordinate 

A series of zero-length soil springs are included within the element to consider both lateral 

and vertical soil resistance, which can be obtained from p-y and t-z curves. The p-y and t-z 

curves can be highly nonlinear and may require modification for specific issues such as the 

layering effect. It is difficult to describe all types of p-y and t-z curves by a specific analytical 

solution. Therefore, generalized semi-analytical solutions based on the Gauss-Legendre method 

have been developed to handle any form of p-y and t-z curves. Based on the Gauss-Legendre 

integration method, the strain energy of soil springs is given by: 
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in which pρ is the lateral soil resistance on pile; px is the pile side friction; ρ is the resultant 

lateral displacement; κρ,m and κx,m are tangent values at the point of p-y and t-z curves when 

moving the lateral deflection ρm and vertical displacement xm at the Gaussian integration point 

m, respectively; Wm is the weight coefficients; and, n is the number of Gauss integration points. 

In general, 5 integration points are enough for the analysis. 

The external work done is given by: 
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= −  (6.8) 

where Fi and Si are the applied loads on the pile and the corresponding displacements along the 

load, respectively. 
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6.3.2 Tangent stiffness matrix 

The minimum total potential energy principle is adopted to obtain the element tangent 

stiffness by second variations of the total potential energy equation. The tangent stiffness of 

structural element is given by:  

       E L G Hk k k k= + +  (6.9) 

where [kL] and [kG] are the linear and geometric stiffness matrices, respectively, which are given 

in Appendix Ⅰ; and, [kH] is the plastic hinge matrix: 
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 (6.10) 

The maximum bending moment of a pile can be tracked at some distance below the ground. 

The pile begins to yield when the moment of pile section (Mh) exceeds its first-yield moment 

(My). The inelastic region will gradually spread with the increasing applied load until the pile 

section reaches its ultimate moment (Mu). In order to consider the gradual yielding behavior, 

the parameters of material plasticity Ry and Rz proposed by Chan and Chui [258] are used in 

this work and determined by: 

6
,    

u h

y h u

h y

M M
R M M M

M M

−
=  

−
 (6.11) 

where Mh is the moment at the plastic hinge; and, My and Mu are the first-yield moment and 

ultimate moment, respectively. The value of R is set to infinity (1010) before yielding in this 

study. The dimension of [kH] is higher and incompatible with conventional analysis program. 

Therefore, a static condensation algorithm [253] is adopted to condense the plastic hinges’ 
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influencing matrix at the ends and mid-span into the conventional dimension. The element 

stiffness matrix [kE] only consider the plastic hinges at and middle of an element, which are 

further incorporated into condensed matrix [kU] by introducing parameters of material plasticity 

at element ends ( b

yR , b

zR , t

yR , and t

zR ). The detailed process and the condensed matrix [kU] are 

provided in Appendix Ⅱ.  

The total tangent stiffness of an element is given by: 

         
T

T U Sk k k  = + +  (6.12) 

where [kS] is the soil stiffness matrix with the consideration of lateral soil resistance and pile 

side friction; and, [η] and [χ] are transformed matrices. The matrices [kS], [η], and [χ] are given 

in Appendix Ⅲ. The element global stiffness matrix can be assembled by:  

      ( )
1

NELE
T

T Ti i
i

K k
=

=    (6.13) 

in which NELE is the total number of elements; and, [Ψ]i is the local to global transformation 

matrix [250].  

 

6.3.3 Nodal forces  

The nodal forces can be obtained by the first variation of the potential energy equation. 

The nodal forces of an element are given by: 
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where {fE} and {fS} are the force vectors for structural element forces and the soil resistance 

force, respectively, which are given in Appendix Ⅳ; and, F and M are the force and moment 

along the corresponding coordinate axes, respectively. The vector of incremental element forces 

at the sth position is transformed to the global coordinate by: 

   
1

{ }
NELE

T

s ii
i

R f
=

  = 
   (6.15) 

where NELE is the number of elements. The final element force vector is accumulated by the 

previous force vector at the (s-1)th position: 
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1{ } { } { }s s sR R R −=  +  (6.16) 

 

6.4 Numerical analysis procedure 

A Python program has been developed, and the detailed procedure is summarized in Figure 

6-3. The Updated Lagrangian description is employed for the large deformation FE analysis of 

the pile, whereby the tangent stiffness matrix is updated to incorporate the variations in 

geometrical properties. The Newton-Raphson iterative method [259] and the displacement 

control method [260] are employed to solve various nonlinear problems. The convergence 

criterion based on unbalanced forces {ΔF} and residual displacement {ΔU} is adopted in the 

iterative solution procedure. The iterative process is terminated once the acceptable tolerance 

(At) has been achieved, which is typically set to 0.001 in practice. 
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Figure 6-3 A flowchart of the numerical analysis procedure for the proposed method 
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6.5 Model validation 

6.5.1 Compare with 3D FE method 

This example performs a buckling analysis of initially bent columns to validate the 

accuracy of the element formulations, which was originally studied by Nadeem et al. [261] 

using 3D solid elements in the FE analysis. As shown in Figure 6-4, an initial imperfection 

described by a half-sine profile defines the initial node coordinates of the column. The material 

properties of pile are the following: column length (Lp) = 20 m; column diameter (D) = 1 m; Ep 

= 160 GPa; material yield strength (σy) = 200 MPa; My = 19635 kN·m; and, Mu = 33334 kN·m; 

and initial imperfection amplitudes (am) = 0.3 m and 0.1 m. Both column ends are pinned. The 

displacement control method is employed to trace the post-buckling configurations. The load-

deflection behavior of the initially bent column is investigated by the proposed method with 10 

elements and the FE method with 320 solid elements calculated by Nadeem et al. [261], which 

have been presented in Figure 6-5. The normalized value (P/PE) versus mid-height deflection 

(Xm) curves show that the proposed method can produce accurate results using only 10 elements 

in the inelastic analysis. It indicates that the internal plastic hinges within the element can 

accurately predict the member’s inelastic behavior. Due to the condensation of internal degrees 

of freedom of the proposed element, the size of the global stiffness matrix can be significantly 

reduced, which improves the numerical efficiency. On the other hand, it can be seen that the 

elastic analysis predicts higher critical buckling loads than the inelastic analysis, which may 

lead to an unsafe design due to the elastic assumption of pile material. 

 

Figure 6-4 The initially bent column under axial load 
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Figure 6-5 Load versus mid-height deflection curves of initially bent columns 

 

6.5.2 Compare with field load test and EPE model on prestressed concrete pile 

Pando [262] performed field tests on a laterally loaded prestressed concrete pile in two-

layered sandy soils (Figure 6-6). The properties of the pile are: Lp = 18 m; width of square pile 

(Dw) = 0.61 m; axial stiffness (EpA) = 8.2×106 kN; My = 352 kN·m; and, Mu = 595 kN·m. The 

pile head is free, and vertical direction of pile toe is fixed. The locations of the original ground 

surface, applied load, and bottom of pit are 1.24 m, 1.34 m, and 2.03 m below the pile head, 

respectively. The soils surrounding the pile are loose and medium dense sands, with 

corresponding thicknesses of 10 and 6.78 m. Almost all of the soil is submerged. The same soil 

parameters suggested by Pando [262], as presented in Figure 6-6, are employed in the present 

analysis, such as the soil depth (Hs), unit weight of soil (γˈ), friction angle (φ), and initial p-y 

modulus (Epy). The p-y curves (Figure 6-7) for sandy soil are adopted from Reese et al. [263]. 

The pile head is free, and the pile toe is fixed. The EPE model is also employed as a comparison 

with the proposed method, both with 12 elements to simulate the pile-soil system. As shown in 

Figure 6-8&Figure 6-9, the predicted values of lateral deflection and pile head rotation at the 

ground surface show reasonably good agreement with the field measurements, verifying the 

accuracy of the proposed element in capturing the inelastic behavior of the pile. In addition, it 

can be seen that the proposed method is consistent with the results of the EPE model in the 
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elastic state, but there is a large difference in the elastic-plastic state, mainly due to the elastic 

assumption of the EPE model. It has been demonstrated in reference [250] that the saving in 

the overall computational time and data input manipulation is considerable in the EPE model. 

The proposed method considers the the material-yielding through zero-length plastic hinges on 

the basis of the EPE model. The additional time required for the procedure to deal with the zero-

length plastic hinges is minimal when compared with the total computational time [258]. 

Therefore, the proposed model has the similar efficiency as the EPE model in each iterative 

procedure and is capable of modelling the inelastic behavior of the pile with higher accuracy.  

 

 

Figure 6-6 A schematic diagram of the prestressed concrete pile under lateral loads in 

multilayer soils in sandy soils 
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 Figure 6-7 p-y curves for the sandy soils 

 

 Figure 6-8 The load-deflection curve for the prestressed concrete pile 
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 Figure 6-9 The load-slope curve for the prestressed concrete pile 

 

6.5.3 Compare with field load test on steel pipe pile in multi-layer soil 

A series of lateral load tests on steel pipe piles were performed by Snyder [264]. The pile 

has an embedment depth of 11.6 m, with 2.1 m protruding above ground. The pile parameters 

reported by Snyder [264] and El Naggar [221] are as following: Lp = 13.7 m; outer diameter 

(D0) = 0.324 m; wall thickness (tw) = 9.5 mm; Young's modulus (Ep) = 200 GPa; My = 358 

kN·m; and, Mu = 424 kN·m. The lateral load was applied at 495 mm above the ground line. The 

soil profile consisted of layers of soft to medium clay underlain by interbedded layers of sand 

and fine-grained soils. The soil properties were determined from field and laboratory tests. The 

same model parameters suggested by Snyder [264], as presented in Figure 6-10, are employed 

in the present analysis. The unmodified p-y curves (Figure 6-11) in sand and clay are 

respectively adopted from Reese et al. [263, 265] by using the input soil parameters such as soil 

depth (Hs), unit weight of soil (γˈ), friction angle (φ), undrained shear strength (Su), soil strain 

at the 50% stress level (ε50), and initial p-y modulus (Epy). The pile head is free, and the pile toe 

is fixed. As shown in Figure 6-12 to Figure 6-14, the load-displacement response and the 

relationship between bending moment and depth are well predicted by the proposed method in 
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comparison with the experiment and LPILE calculation [264]. Since the experimental data and 

LPILE calculation are recorded only until the pile begins to yield, the load-displacement 

response after the pile yielding will be compared with the conventional model based on discrete 

spring elements reported by El Nagger [221]. It can be seen that the load-displacement curve 

predicted by the proposed method coincides well with the simulation results of the discrete 

spring elements model, indicating the accuracy of the proposed model. In addition, in terms of 

modelling of the nonlinear pile-soil interaction, the proposed method based on the EPE model 

increases the efficiency of the numerical analysis of the pile-soil system compared with the 

conventional model. This allows the proposed method to be better applied to pile-soil systems 

for the analysis of large structures that consist of hundreds of piles. As shown in Figure 6-14, 

the proposed method predicts the first-yielding of the pile occurs at Hs = 3.1 m with the pile 

head deflection of 143 mm, which is close to El Nagger's prediction of Hs = 3.24 m with the 

pile head deflection of 154 mm [221]. 

 

Figure 6-10 A schematic diagram of the steel pipe pile under lateral loads in multi-layer soil 
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Figure 6-11 p-y curves for multi-layer soil 

 

  

 Figure 6-12 Comparison of measured lateral load versus displacement curves 
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 Figure 6-13 Comparison of measured maximum moment versus load curves 

 

 

 Figure 6-14 Bending moment versus depth for the different lateral loads 
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6.5.4 Compare with field load test on vertically loaded pile 

In this example, a practical case is conducted to validate the performance of the pile-soil 

integrated element for simulating the friction pile that is free at the pile toe. Zhang et al. [266] 

reported a field test on a single bored pile embedded in multi-layered soil to study the load-

settlement response. The pile-soil interactions of both the pile shaft and the pile toe (t-z 

and Q-z curves) are considered to calculate the total settlement. The pile parameters are as 

following: Lp = 47.7 m; D = 1.1 m; and, Ep = 30 GPa. The vertical load is applied on the 

pile head. The soil condition is shown in Figure 6-15, and the load-displacement 

relationships developed at the pile shaft and pile toe are given. The values of the 

parameters τu, a, b and Su are determined by Zhang et al. [266] and presented in Table 1. 

As shown in Figure 6-16, the predictions by the proposed method are generally in good 

agreement with the field load test. 

 

Table 6-1 Soil parameters [266] 

Layer Soil depth 
τu 

(kPa) 
a ×10-5 (m3/kN) b ×10-3 (m2/kN) Su (mm) 

1 1.3 6.06 5.5 110 1.0 

2 1.9 11.8 4.8 37 1.0 

3 

10.3 19.6 4.5 19 1.4 

21.0 18.5 4.0 14 1.0 

25 53.7 2.0 5.3 1.5 

4 34.6 61.0 1.2 4.4 1.0 

5 38.7 29.9 2.9 4.4 1.0 

6 40.5 34.6 2.5 6.2 1. 

7 42.5 50.2 1.1 7.7 0.9 

8 44.5 61.0 1.2 4.4 1.0 

9 50.5 83.6 1.1 4.1 1.4 

  
 k1 = 1.4×106  

(kPa/m) 

k2 = 3.3×105  

(kPa/m) 

Sb = 1.4  

(mm) 
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 Figure 6-15 A schematic diagram of the steel pipe pile under lateral loads in multi-layer soil 

 

 

 Figure 6-16 Comparison between the predicted and measured load-settlement behavior for a 
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6.6 Conclusions 

This work proposes a pile-soil integrated element to effectively and accurately simulate 

pile behaviour considering material and soil nonlinearity. The newly developed element 

stiffness matrices and nodal forces are employed for the numerical implementation of the pile-

soil integrated element based on EPE. To account for material inelasticity, the internal plastic 

hinges located at the two ends and middle of the element have been incorporated into the 

element stiffness matrix using the static condensation algorithm. The nonlinear pile-soil 

interactions are efficiently evaluated according to Gauss-Legendre method for the summation 

processes of total potential energy equations and soil resistance at the Gauss integration points. 

The following conclusions can be drawn: 

(1) The plastic hinges at the ends and middle of an element are directly integrated into the 

element formulations to capture the inelastic behaviour of a pile. The buckling behaviour 

predicted by the proposed method with 10 elements is in good agreement with the sophisticated 

FE method with 320 solid elements, indicating the accuracy of the element formulations and 

the contribution of three plastic hinges. 

(2) The proposed method is compared with the EPE model using the same number of 

elements conducted on partially embedded piles in sandy soil. It demonstrates a better accuracy 

of the proposed method compared to the EPE model at a larger displacement level. It implies 

that the proposed method has the similar efficiency as the EPE model in each iterative procedure. 

The proposed method successfully accounts for the effects of pile inelasticity and soil 

nonlinearity in the analysis and allows for the development of plastic hinges along the pile, 

addressing the shortcomings of the EPE model. 

(3) The proposed method is validated by comparing it with the field load tests. The 

predictions calculated by the proposed method are close to the actual measured results for the 

laterally and axially loaded piles in multi-layer soil. Unlike the conventional discrete spring 

elements model using beam elements and spring elements, the proposed method uses one 

element type that integrated both pile and soil to eliminate tedious modelling process. By 

providing convenience and efficiency in computing and modelling the pile-soil system under 

heavy loading conditions, the proposed method can be effectively utilized for the analysis and 

design of large structures with hundreds of piles. 
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Appendix Ⅰ – Linear and geometric stiffness matrices 

The linear stiffness matrix is given by: 
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(6.18) 

The corresponding nodal deformations of an element is given by: 

   1 1 1 1 2 2 2 2, , , , , , , , , , ,
T

x y z x h y h z z y h y h z y zs u uu         =  (6.19) 

The geometric stiffness matrix is given by: 
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Appendix Ⅱ – The condensed matrix considering the plastic hinges 

The degrees of freedom of element {u} are divided into two parts: 

   1 1 2 2

T

x y z x ye zu s     =  (6.22) 

   1 1 2 2

T

h y h z z y h y h zh uu u   =  (6.23) 

The stiffness matrix [kE] is reorganized according to the corresponding degrees of freedom 

of {ue} and {uh}, and the following stiffness equation is obtained by: 

hh he h h

T

he ee e e

k k u f

k k u f

     
=     

     
 (6.24) 

The condensed stiffness [kc] and the corresponding force {fc} can be expressed as: 

    c e ck u f=  (6.25) 

and, 
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 (6.26) 

The generalized force {fc} is given by: 

         
1T

c e he hh hf f k k f
−

= −  

The condensed stiffness matrix is updated by incorporating plastic hinges at element ends 

along y- and z-directions: 
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where 
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where superscripts b and t denote the bottom and top plastic hinges at the two ends of an element, 

respectively. 

 

Appendix Ⅲ – Soil stiffness matrices 

The soil stiffness matrix is given by: 
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 (6.34) 

where the values of χ1 to χ20 and γ1j to γ3j can be respectively obtained by: 

, ,

1

       ( 1~ 20)
n

q q j j

j

q  
=

= =  
(6.35) 

, ,

1

       ( 1~ 3)
n

m m j x j

j

m  
=

= =  
(6.36) 

where δ1,j to δ20,j and γ1,j to γ3,j are the integration parameters which are obtained by Gauss-

Legendre integration method.  

The transformation matrices [η] and [χ] are respectively written as: 
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Appendix Ⅳ – Element nodal forces 

The nodal forces of an element can be obtained by the first variation of the potential energy 

function according to the minimum potential energy principle. The condensed nodal force 

vector in the local coordinate {fE} is given by: 
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ex e y e z x e zE y ef F M M M M M=  (6.42) 
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The nodal force vector for plastic hinge {fh} are given by 
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The resistance force vector from soil springs {fS} consists of skin friction and lateral soil 

resistance, which is given in the form of Gauss-Legendre integration: 
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where the coefficients λ1,m to λ6,m are the integration parameters; φ is the angle of lateral load; 

and, n is the total integration points.  
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General conclusions  

This thesis undertakes an investigation of the mechanical behavior within the realm of 

pile-soil systems, specifically focusing on the incorporation of fiber-reinforced polymer (FRP) 

piles and rubber-soil mixtures (RSM). The investigation uses molecular dynamics (MD) 

simulations to address three aspects: 1) Elucidate the friction properties at the interface between 

FRP piles and clay using a kaolinite-epoxy surface model. 2) Investigate the mechanics 

governing the interactions at the silica-epoxy interfaces through nanoscale simulations in dry, 

pure water, and saltwater systems. 3) Analyze the intricacies of the rubber-clay interface within 

the RSM system to explore potential ways to mitigate the effects of dynamic loading. In 

addition, this thesis presents a novel approach using the finite element (FE) method, leading to 

the development of an efficient integrated pile-soil element. This innovative element aims to 

simulate pile behavior on an engineering scale.  

(1) The study investigates the friction behavior between FRP piles and clay from an atomic 

scale using MD simulation. The siloxane surface of kaolinite chosen for contact with epoxy 

resin due to its lower surface energy results in well-fitting kaolinite surfaces. The work of 

adhesion between epoxy and kaolinite is calculated to be 159 mJ/m2. The peak interfacial shear 

coefficient decreases nonlinearly with increasing normal stress, which affects the friction in a 

manner consistent with FRP-soil interface tests. The nanofriction between them is velocity 

dependent, with distinct slow and fast velocity regions, and the energy barriers increase with 

normal stress, explaining the higher pulling forces required for sliding at higher stress. 

(2) The MD simulation examines interfacial friction at the interface of an FRP pile and 

sand, considering various environmental conditions, normal stress levels, and sliding velocities. 

The friction force-displacement profiles show distinct nonlinear and steady-state phases. The 

tangential stiffness profiles, especially at lower normal stress levels, show a more rapid 

reduction to zero. The initial tangential stiffness is higher in dry systems than in those immersed 

in pure water or salt water environments. The presence of water molecules has a pronounced 

effect on the friction behavior, acting as a lubricant with a complex effect on the friction 

characteristics. The introduction of NaCl ions tends to undermine the lubricating effect, 

resulting in changes in the friction response. Specifically, the coefficient of friction is highest 

in the dry system under identical applied normal stress conditions. This is followed by the 

saltwater system, while the pure water system exhibits the lowest coefficient of friction. 
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Furthermore, the water-based lubrication proves to be more effective at lower sliding velocities, 

highlighting its role in the interfacial friction response. 

(3) Friction behavior of rubber/soil interfaces in RSM is studied using MD simulations. 

The friction force shows a consistent increase with both sliding distance and applied normal 

stress, similar to the behavior observed in natural soils. This behavior suggests that compacting 

the rubber and clay components within the RSM could enhance the friction forces, resulting in 

improved mechanical properties for engineering applications. In addition, the introduction of 

rubber reduces stick-slip motion at the montmorillonite/rubber interface, resulting in reduced 

pore water pressure. This reduction has implications for optimizing design parameters when 

considering different soil pressures and sliding velocities. Stick-slip motion is observed at 

certain velocities but is eliminated at higher velocities due to the limited interfacial adaptation 

time. The work establishes interface parameters, work of adhesion, and friction coefficients and 

their agreement with experimental data, furthering the understanding of RSM behavior and its 

application in foundation soil. 

(4) Based on the FE method, the efficient pile-soil integrated element is proposed to 

simulate the pile behavior, taking into account the nonlinearity of both soil and pile materials. 

Plastic hinges at the ends and center of the element capture the inelastic pile behavior. The 

proposed method compares favorably with 3D solid element model and the EPE model in terms 

of effectiveness. It accurately predicts buckling behavior and inelasticity effects. Validation 

with field load tests demonstrates its accuracy for both lateral and axial pile loading. The 

proposed method provides convenience and efficiency for the analysis of pile-soil systems in 

large structures. 

 

Perspectives 

In practical engineering, pile foundations are essential for transferring loads from the 

superstructure to ensure that the structure meets the deformation requirements of the design. 

Nonlinear soil springs are commonly used in numerical simulations to represent the load 

transfer relationship between the vertical pile-soil interaction. The stress-strain relationship of 

springs represents the relationship between frictional resistance and displacement, known as t-

z curves. Different t-z curve models exist for different soil and pile types. The mechanical 

properties of the interface under different sliding velocities and normal stresses have the 

potential to provide theoretical parameters for t-z curve models, thereby improving predictive 
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capabilities for FRP pile-soil interactions in engineering-scale problems. However, this MD 

work may not provide a complete representation of the complex behavior of the actual FRP-

soil interface due to the limitations of computational resources and capabilities. Therefore, 

future research could focus on applying the coarse-grained model [267], on the base of this 

work, to efficiently model the complicated and large system comprising the surface between 

FRP piles and soil, with the aim of computing frictional properties for experimental validation. 
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