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Abstract

:

The use of nonlinear, large-deformation, dynamic finite element analysis (FEA) has become a cornerstone in crash test simulations, playing a pivotal role in evaluating the safety performance of critical civil infrastructures, including soil-embedded vehicle barrier systems. This review paper offers a detailed examination of numerical modeling methodologies employed for simulating dynamic soil–structure interactions in crash test simulations, with a particular focus on dynamic impact pile–soil interaction. This interaction is a critical determinant in assessing the effectiveness of soil-embedded barrier systems during vehicular impacts. Our extensive review methodically categorizes and critically evaluates four prevalent modeling methodologies: the lumped parameter method, the subgrade reaction method, the modified subgrade reaction approach, and the direct or mesh-based continuum method. We explore each methodology’s underlying philosophy, strengths, and shortcomings in accurately simulating the dynamic interaction between soil and piles under impact loading. This technical review aims to provide a thorough understanding of the critical and distinctive aspects of modeling soil’s dynamic responses under impact loading conditions. Moreover, this paper is envisioned to serve as a foundational reference for future research endeavors, steering the advancement of innovative simulation techniques for tackling the dynamic impact soil–structure interaction problem.
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1. Introduction


Roadside safety structures embedded in soil, such as W-beam guardrails, play a crucial role in the highway infrastructure, safeguarding against vehicle collisions with roadside obstacles. These systems typically consist of vertically installed piles—commonly referred to as posts within the roadside safety research community—and W-beam rails, which form the main structural component. Before the advent of advanced computational capabilities in the late 1980s, the design and evaluation of these soil-embedded safety structures largely depended on full-scale crash tests, as referenced in several studies [1,2,3]. The execution of full-scale crash testing during the early development of soil-embedded safety features, however, presents significant challenges. It is not only a costly and time-intensive process but also demands a high level of expertise alongside sophisticated infrastructure for effective implementation. Given the intricate nature of full-scale crash tests, the shift towards using computational modeling and simulation during the design phase of barrier systems has become increasingly prevalent over the past few decades. Figure 1 illustrates typical vehicle barrier systems for standard and special applications.



LS-DYNA [7], a nonlinear, large-deformation, dynamic finite element analysis (FEA) hydrocode, stands as the cornerstone in developing, designing, and evaluating soil-embedded vehicle barrier systems, as substantiated by numerous studies [8,9,10,11,12,13,14,15,16,17,18,19]. LS-DYNA was adopted because it can accurately simulate rapid transient dynamics, encompassing complex contact interactions and nonlinear material behaviors. This includes scenarios involving extremely large strains, which are particularly relevant in studying dynamic soil–structure interactions. When carefully validated, this approach is reliable and cost-efficient [7]. Nonlinear FEA offers critical insights into the dynamics of vehicle impacts on barrier systems. This includes an in-depth understanding of stress and strain distribution in barrier components and the quantification of energy absorption during impact events. Moreover, crash simulation enables the modification of material properties and impact conditions, thereby enabling comprehensive parametric studies and impact analyses. This adaptability is valuable in iterative design processes, particularly for assessing the influence of material properties and impact conditions on the overall system response and behavior of vehicle barrier systems.



The design, development, and evaluation of soil-embedded vehicle barriers and containment systems necessitate a comprehensive understanding of dynamic pile–soil interactions, particularly under vehicular impacts [20,21,22]. To ensure the precision and reliability of simulations concerning vehicle-induced structural impacts, it is imperative to comprehensively model the dynamic interplay between the pile and its adjacent soil foundation. This interaction is critical in accurately replicating the response behavior of such structures under impact conditions. The complexity of this interaction intensifies when considering nonlinear soil behavior and transient loading conditions, such as those experienced during impacts. Computational modeling of these interactions under impact loading demands an in-depth identification of several key parameters. These include the nonlinear response of soil under such loading conditions, the dynamic properties of both soil and pile materials, and the complex interaction dynamics between the pile and its surrounding soil.



This paper offers a critical review and synthesis of existing simulation methodologies for the pile–soil impact problem while also highlighting recent advancements in modeling dynamic pile–soil interactions under vehicle impact loading. It investigates the fundamental aspects of soil modeling specific to impact loading conditions. This technical review aims to give researchers and engineers a deeper understanding of the foundational assumptions and methodologies that have historically shaped soil modeling in crash test simulations. Specifically, it focuses on the soil modeling techniques for analyzing pile–soil systems’ dynamic responses when subjected to vehicular impacts.



The open literature reveals a spectrum of soil modeling methodologies of varied complexities for simulating dynamic pile–soil interactions under impact loading, primarily utilizing finite element-based numerical simulations. These methods offer a unique perspective and detail in modeling the complex dynamics of pile–soil interactions under impact loading. These models of pile–soil systems can be categorized into four distinct classes, each defined by its approach to soil modeling:




	
Lumped Parameter Method or Local Approach: This method simplifies the soil behavior into discrete, nonlinear spring elements, focusing on local interactions between the soil and the pile.



	
Subgrade Reaction Method or Global Method: This approach models the soil as a system of nonlinear, uncoupled springs, offering a more global perspective of the soil-pile interaction.



	
Modified Subgrade Reaction Approach: This method represents soil using dampers and systems of uncoupled nonlinear springs with lumped soil mass. Also referred to as the spring-mass-damper method, this approach integrates the elements of damping to represent energy dissipation in the soil–pile system during impact loading.



	
Direct or Mesh-Based Continuum Method: Based on the Updated-Lagrangian Finite Element Method (UL-FEM), this method represents a more comprehensive and detailed approach, employing a mesh-based continuum to model the soil’s behavior and its interaction with the pile.








However, a considerable gap exists pertaining to a comprehensive, state-of-the-art analysis and review of these soil modeling methodologies employed in evaluating the dynamic pile–soil interactions under impact loading from a geotechnical perspective. This knowledge gap extends to a critical examination of these modeling approaches’ foundational philosophies, inherent capabilities, and limitations in realistically replicating the intricate behaviors observed in dynamic soil–pile interaction under impact loading. Despite three decades of research, such a holistic review remains notably absent in the existing scholarly literature.



In order to bridge this gap, this study presents a state-of-the-art review of the previously noted soil modeling techniques utilized in crash test simulations, highlighting key areas requiring further exploration and demonstrating how this knowledge can enhance the accuracy of computational modeling and analysis of pile–soil systems prevalent in crash simulations. The critical role of modeling dynamic pile–soil interaction during impact events is emphasized, as it is fundamental to understanding the impact behavior of soil-embedded barrier systems. This review details four principal soil modeling methodologies employed to compute the response of pile–soil systems under impact loading. Each method is analyzed not only for its technical application but also for the underlying philosophy guiding its approach. The advantages and limitations inherent to each soil modeling technique are thoroughly discussed. This critical review encompasses three key aspects: (1) an in-depth background on each modeling approach; (2) a detailed examination of the underlying philosophies of these methods; and (3) a critical evaluation of the strengths and limitations of each soil modeling scheme. This holistic approach to reviewing soil modeling techniques in crash test simulations aims to advance numerical analysis of dynamic soil–structure problems involving impact loading by identifying gaps in current methodologies and suggesting directions for future research.




2. Pile–Soil Interaction under Lateral Load


Accurate modeling of laterally loaded pile–soil systems necessitates an in-depth understanding of the interaction between the pile and the surrounding soil. For example, when stiff or rigid piles are subjected to static lateral forces, they undergo displacement, countered by the resistive forces of the surrounding soil. This phenomenon, termed pile–soil interaction, is a complex interplay between the pile’s displacement and the soil’s resistive forces, fundamentally influencing the pile’s bearing capacity.



Figure 2 presents a visual representation of a laterally loaded, rigid pile. This schematic illustrates the resistance of the pile to lateral loads through a combination of soil pressures and friction along its embedded length. A comprehensive evaluation of these resistive forces mandates a three-dimensional analytical approach, as depicted in Figure 2a, showcasing the soil pressure and friction forces acting on a rigid pile’s cross-section.



In traditional geotechnical engineering, the complex distributions of pressure and friction are often consolidated into a singular soil resistance metric, known as the modulus approach. This is represented in Figure 2b. Additionally, it is crucial to consider that the earth pressure encompasses the frictional forces acting along the pile’s length in both vertical and horizontal orientations, as illustrated in Figure 2b.



Notably, piles employed in soil-embedded barrier systems diverge significantly from those used in standard geotechnical applications in terms of embedment depth and cross-section. These piles, subjected to impact loading, are prone to substantial deflection, exhibiting a higher lateral deflection-to-embedment depth ratio compared to conventional geotechnical piles. These distinct characteristics challenge applying conventional analytical and empirical methods developed for laterally loaded piles in geotechnical engineering to soil-embedded barrier systems. Furthermore, unlike typical geotechnical piles, piles in barrier systems are designed to undergo large deflections—often exceeding half their embedment depth—to effectively dissipate kinetic energy during vehicular impacts. In this context, the Finite Element Method (FEM) offers a robust solution, transcending the limitations of traditional geotechnical analytical and empirical approaches. FEM adeptly computes lateral impact forces as a function of pile deflection, accounting for both geometrical and material nonlinearities.




3. Theoretical Background of UL-FEM


FEM typically employs a weak formulation of the initial boundary value problem (IBVP), which requires time-stepping solutions. While Total Lagrangian (TL) formulations reference all kinematic variables to the initial configuration, Updated Lagrangian (UL) formulations leverage the current configuration. Both formulations associate the mesh with the material continuum. We focus on the theoretical underpinnings of the UL-FEM approach, commonly utilized in nonlinear, explicit finite element hydrocodes, such as LS-DYNA.



3.1. Mathematical Preliminaries


Figure 3 shows a continuum body denoted by the initial or reference domain     Ω   0     in a Cartesian coordinate system that is initially represented by     X   κ   ( κ = 1,2 , 3 )  , which displaces to a point     x   i         i = 1,2 , 3     at time   t   that is denoted by the current domain     Ω   t     in the same coordinate system.



The time-dependent motion of the continuum body shown in Figure 3 can be described using the Lagrangian approach as follows:


    x   i   =   x   i       X   κ   , t    



(1)







Therefore, the initial condition at time   t = 0   can be written as follows:


    x   i       X   κ   , 0   =   X   κ    



(2)






      x  ˙    i       Χ   κ   , 0   =   v   i       X   κ      



(3)




in which     v   i     is the initial velocity.



Similarly, the boundary conditions on the continuum body, such as displacement boundary condition on the boundary of     Ω   0     (i.e.,       Γ   0    ), the traction boundary condition of the system, and the contact discontinuity condition on the boundary of     Ω   t     (i.e.,     Γ   t    ) can be described as in Equations (4) through Equation (6), respectively, as follows:


    x   i       X   κ   , t   =   D   i     t     ( displacement   boundary   condition )  



(4)









     σ   i j     n   j   =   t   i   ( t )   ( traction   boundary   condition )   



(5)









        σ   i j     +   −     σ   i j     −       n   j   = 0   ( contact   discontinuity   condition )  



(6)




where     D   i     is the displacement matrix of the continuum body     Ω   t    ,     σ   i j     is Cauchy’s stress tensor,     n   j     is the unit normal of an element on the boundary     Γ   t    . The notations     −    and     +    represent the quantities interior and exterior to the boundary     Γ   t    .




3.2. Governing Equations


Conservation of mass:


  ρ V =   ρ   0    



(7)




in which   ρ   is the current density,      ρ   0     is the initial or reference density, and   V     is the relative volume and is expressed using the determinant of the deformation gradient matrix     F   i j   =   ∂   x   i     ∂   X   j      .



Conservation of momentum:


    σ   i j , j   + ρ   b   i   = ρ     x  ¨    i    



(8)




in which     σ   i j       is the Cauchy’s stress tensor which is obtained through the integration of the constitutive equations,     σ   i j , j       represents the co-variant differential of Cauchy’s stress tensor,     b   i     is the body force, and       x  ¨    i     is the acceleration.



Conservation of energy:


    E  ˙  = V   S   i j       ε  ˙    i j   −   p + q     V  ˙   



(9)




where   p   and     S   i j     represent the pressure and deviatoric stress tensor, respectively, and are expressed as follows:


    S   i j   =   σ   i j   +   p + q     δ   i j    



(10)






  p = −   1   3     σ   i j     δ   i j   − q  



(11)




in which   q   and     δ   i j     represent bulk viscosity and Kronecker delta, respectively.



The displacement   δ   x   i     that satisfies the previously discussed boundary conditions on the domain     Ω   t     and is continuous over the domain can be expressed using the Gauss’s or Divergence theorem as follows:


     ∫  V      ρ     x  ¨    i   −   σ   i j . j   − ρ b   δ   x   i   d V   −   ∫  ∂   Ω   0          σ   i j     n   j   −   t   i     δ   x   i   d s      −   ∫  ∂   Ω   t          σ   i j   +   −   σ   i j   −   − ρ b     n   j   δ   x   i   d s = 0     



(12)




with


        σ   i j   δ   x   i       , j   −   σ   i j , j   δ   x   i   =   σ   i j   δ   x   i , j    



(13)







Equation (13) can be expressed as follows:


    ∫  V            σ   i j   δ   x   i       , j     d V   =   ∫  ∂   Ω   0        σ   i j     n   j   δ   x   i   d s   +   ∫  ∂   Ω   t          σ   i j   +   −   σ   i j   −       n   j   δ   x   i   d s    



(14)








3.3. Weak Form of the IBVP and Finite Element Treatment


Using the principle of virtual work, the change in external work performed in the mechanical initial value problem for a single continuum body without contact constraints can be written in an integral form as follows:


  δ π =   ∫  V    ρ     x  ¨    i   δ   x   i   d V   +   ∫  V      σ   i j   δ   x   i , j   d   V −   ∫  V    ρ   b   i   δ   x   i   d V   −   ∫    Ω   0        t   i   δ   x   i   d s   = 0  



(15)







The first term in Equation (15) represents the inertia, while the second, third, and fourth terms represent the internal, body, and surface forces, respectively.



Having established the virtual work principle for the mechanical initial value problem and considering the system is discretized into   n   elements with   k   nodal points, the relationship representing the displacement of these nodal points is expressed as follows:


    x   i       X   κ   , t   =   x   i       X   κ     ξ , η , ζ   , t   =   ∑  i = 1   k      ϕ   j     ξ , η , ζ     x   i   j     t      



(16)




where     ϕ   j     represents the interpolation function in the natural coordinate     ξ , η , ζ     and     x   i   j     represents the nodal coordinate of the     j   t h     node in the     i   t h     direction.



Therefore, the virtual work over   n     elements can be expressed as follows:


  δ π =   ∑  m = 1   n    δ   π   m     = 0  



(17)




in which   δ   π   m     is the contribution of each element and is written as follows:


  δ   π   m   =   ∫    υ   m      ρ     x  ¨    i   δ   x   i   d   υ   m     +   ∫    υ   m        σ   i j   δ   x   i , j     d   υ   m     −   ∫    υ   m      ρ   b   i   δ   x   i   d   υ   m     −   ∫  ∂   Ω   0   ∩ ∂   υ   m        t   i   δ   x   i   d s   = 0  



(18)







Similar to the virtual work expression over the mesh or element, the dependent variables can also be written over the element or mesh as follows:


    ∑  m = 1   n        ∫    υ   m      ρ   N   m   T     N   m   a   d   υ   m     +   ∫    υ   m        B   m   T   σ   d   υ   m     −   ∫    υ   m      ρ   N   m   T   b   d   υ   m     −   ∫  ∂   Ω   0        N   m   T   t   d s       = 0  



(19)




in which     N     is the interpolation matrix,   B     is the strain displacement matrix which sets the relation between strains in the element and the displacements in the nodes,   a   is the acceleration vector,   σ     is the stress vector (i.e.,     σ   T   =     σ   x x   ,   σ   y y   ,   σ   z z   ,   σ   x y   ,   σ   y z   ,   σ   z x      ) which is a function of material properties and the deformation,   b   is the body force vector, and   t   is the applied traction load. Considering that Equation (19) must hold for any virtual displacements, the semi-discrete balance of momentum is expressed as follows:


    f   e x t   −   f   i n t   = M   a  ¨   



(20)




with external force vector,


    f   e x t   =   ∑  m = 1   n      ∫    υ   m      ρ   N   m   T   b d   υ   m   +       ∑  m = 1   n      ∫  ∂   Ω   0        N   m   T   t d s     = 0  



(21)




the internal force vector,


    f   i n t   =   ∑  m = 1   n      ∫    υ   m        B   m   T   σ d   υ   m        



(22)




the mass matrix,


  M =   ∑  m = 1   n      ∫    υ   m      ρ   N   m   T     N   m   d   υ   m        



(23)








3.4. Temporal Discretization and Solution


Equation (18) is discretized in space; however, it is still continuous in time. Among many solutions and procedures developed to advance Equation (18) (which is a second-order, ordinary differential equation in time), the focus is on explicit time integration, which uses the central difference method to approximate acceleration. The explicit scheme is generally well suited for the nonlinear, transient dynamics problems.



Assume the continuous time interval of interest   [ 0 , T ]   is subdivided into   N   equal subintervals     t ,   t   n + 1      .



This subinterval motivates a sequence   ( 0 =   t   0   ,   t   0   + Δ   t   1   =   t   1   , . . . ,   t   n   + Δ   t   n + 1   =   t   n + 1   , . . . , T =   t   N   )   with the incremental decomposition of time:


    t   n   + Δ   t   n + 1   =   t   n + 1    



(24)




in which   Δ   t   n + 1   =   t   n + 1   −   t   n       is the time increment associated with the sequence. It should be noted that the time increment is often regarded as constant, i.e.,   Δ t = Δ   t   n + 1       and     n + 1   Δ t =   t   n + 1       for     t   0   = 0  .



In LS-DYNA, the central difference method is used to approximate the velocity and acceleration time derivatives, which is classically expressed in vector form as follows:


      x  ˙    n +   1   2     =       x   n + 1   −   x   n       Δ t         x  ˙    n +   1   2      



(25)






      x  ¨    n   =         x  ˙    n +   1   2     −     x  ˙    n −   1   2         Δ t   =       x   n   − 2   x   n   +   x   n − 1       Δ   t   2      



(26)






      x  ˙    n +   1   2     =     x  ˙    n −   1   2     +     x  ¨    n   Δ t  



(27)






    x   n + 1   =   x   n   +     x  ˙    n +   1   2     Δ t  



(28)




in which   n     is the number of time steps,   x     is the displacement,     x  ˙    is the velocity, and     x  ¨    is the acceleration. A more comprehensive and elaborate description of the explicit time integration schemes and their finite element procedure can be found from [24,25,26,27].





4. Lumped Parameter Method


Over the past three decades, computational modeling of dynamic pile–soil interaction in crash test simulations has significantly evolved, as evidenced by the literature from the late 1990s to the present [28,29,30,31,32,33,34]. One of the pioneering computational methods for soil modeling emerging in this domain employed a technique based on lumped nonlinear springs [35,36]. In this paper, this approach is referred to as the lumped parameter model or method. It characterizes the soil using discrete nonlinear springs to emulate the soil’s role in absorbing the kinetic energy of an impacting vehicle.



Since the 1990s, the lumped parameter soil modeling technique has been widely adopted in the crashworthiness analysis of soil-embedded barrier systems [35,36,37,38,39,40,41,42,43]. This method’s primary appeal lies in its computational efficiency, as it demands relatively minimal computation time. During the early design phases of soil-embedded barrier and containment systems, the advantage of rapid computational execution outweighs the loss of detailed soil response and mechanical properties incurred by the lumping process. This balance between model detail and computational speed continues to fuel the interest in the lumped parameter soil modeling method.



However, developing a lumped parameter soil model that accurately reflects the overall impact response of a soil-embedded vehicle barrier system is a complex endeavor. The process of lumping soil mechanical properties, specifically the strength and stiffness characteristics, requires thoroughly considering the various soil failure modes. Lumped parameter soil models for full-scale crash test simulations are informed by data derived from component crash tests, which typically involve rigid piles embedded in granular soil (Figure 4). This paper proceeds to provide an overview of the underlying philosophy of the lumped parameter soil modeling method, delineating its application and significance in the context of crash test simulations.



4.1. Underlying Philosophy


A standard approach in the lumped parameter model involves attaching two nonlinear springs, oriented in lateral and longitudinal directions, to the top of a soil tube at or below the ground line. This configuration is designed to simulate the soil’s impact resistance [35,36], as illustrated in Figure 4. The properties of these nonlinear springs are determined using a force vs. displacement curve derived from physical impact tests conducted on a stiff or rigid pile, such as a W152 × 23.6 steel pile embedded in soil. Using a stiff pile in component impact tests is crucial as it isolates the soil’s impact resistance from the pile’s resistance during impact loading [36], ensuring that the system’s response is governed by soil failure rather than pile failure. Additionally, incorporating a rigid soil tube into the model aims to replicate the plastic deformation of the pile during vehicular impacts.



The lumped nonlinear spring model is frequently employed in designing and analyzing full-scale soil-embedded barrier systems, particularly under oblique impacts [30,31,32,33,34,35,36], as shown in Figure 5. However, the soil response is primarily derived from force vs. displacement characteristics observed under direct lateral impacts. To date, there is a notable absence of numerical studies that have explored the crashworthiness of soil-embedded barrier systems using nonlinear spring force vs. displacement characteristics derived from oblique dynamic impact component tests involving a rigid pile embedded in soil. This gap in research may be attributed to the complexities associated with conducting component tests on rigid piles embedded in soil under oblique impact conditions. Consequently, the applicability of the lumped nonlinear spring method remains somewhat constrained, especially for studying new soil-embedded barrier systems where the soil characteristics and failure mechanisms are not yet fully understood.




4.2. Derivation of Force vs. Displacement Curve for Nonlinear Soil Springs


In developing the lumped parameter model, the defining characteristics of the nonlinear springs are derived from dynamic impact tests conducted on a rigid pile embedded in granular soil. This process involves the measurement of acceleration and displacement, particularly in the impact direction, using an accelerometer positioned at the bogie vehicle’s center of gravity (as depicted in Figure 4). These measurements are essential for constructing the force vs. displacement curve at the point of impact, which is further illustrated in Figure 6.



The curve specific to the lumped parameter model (Extracted Soil Curve in Figure 6), which essentially comprises a series of linear segments, is extracted from this force vs. displacement curve generated during the dynamic impact test. This transformation of dynamic test data into a usable model format is a critical step in accurately representing the soil’s response within the framework of the lumped parameter model.



The assessment of maximum pile displacement prior to a bogie vehicle overriding it is a critical component of the dynamic impact analysis, typically determined through high-speed video analysis. This process involves approximating the pile’s displacement at the ground line. However, this measurement is somewhat subjective due to visual obstructions caused by soil accumulation at the base of the rigid pile, which can impede camera view [35]. To illustrate the dynamics at play, a free-body diagram is often employed, as shown in Figure 7, which depicts the applied impact force and the soil’s resistive force for a typical pile used in soil-embedded vehicle barrier systems.



A key assumption in this analysis is the location of the pile’s rotation point below the ground line, which is generally considered to be two-thirds of the pile’s embedment depth [35,36], as indicated in Figure 7. This assumed rotation point is instrumental in calculating the soil’s lateral impact resistance, employing the principles of static equilibrium where the summation of moments about the rotation point equals zero [35]. The rationale for situating the soil spring below the ground line stems from the observation that typical piles in soil-embedded barrier systems tend to yield or form a plastic hinge during vehicular impacts [36]. Historically, the position of this plastic hinge has been noted to vary between 150 mm and 250 mm from the top of the ground line [35,36]. Furthermore, as the lumped parameter soil modeling method incorporates two soil springs, the soil spring load curve for both lateral and longitudinal directions is derived by dividing the obtained curve by two.



The lumped parameter soil modeling method, employed in the analysis of granular soils within the context of vehicular impacts, operates under a specific assumption regarding soil resistance. Despite the recognized limited or non-existent tensile strength of granular soils, this method presupposes that the soil’s resistive behavior under tension and compression is identical, as depicted in Figure 8. Due to their minimal tensile strength, it is well established in soil mechanics that granular soils exhibit reversible response characteristics predominantly under confining or compressive stresses rather than extending under tension [44,45,46]. The continuum behavior of these soils largely arises from the interplay of frictional and collisional interactions between individual grains or particles.



In the lumped parameter soil modeling framework, symmetric curves are typically employed to represent soil behavior under impact loading. As illustrated in Figure 8, these curves exhibit similar characteristics for both tensile (positive displacement) and compressive (negative displacement) soil responses. Following the acquisition of soil response curves in longitudinal and lateral directions using the previously outlined method, these force vs. displacement curves are integrated into LS-DYNA’s MAT_SPRING_GENERAL_NONLINEAR (*MAT_S06) material model. This integration is achieved through discrete element formulations, where the primary objective of applying a force vs. displacement characteristic curve to *MAT_S06 is to define the stiffness of the soil springs.




4.3. Advantages and Limitations


The lumped parameter approach, employed in modeling and simulating laterally impacted pile–soil systems for roadside safety applications, including soil-based barrier systems, has distinct advantages and limitations.



Advantages:




	
Computational Efficiency: The method requires relatively low computation time due to less degrees of freedom.



	
Simplicity in Soil Modeling: It eliminates the need for detailed knowledge or development of soil constitutive models.








Limitations:




	
Non-Continuum Soil Representation: This method does not treat soil as a continuum, obscuring significant factors, such as dynamic shear strength, inertial and strain rate effects, and hydromechanical coupling.



	
Discrete Approach: It fails to account for pile group action in full-scale simulations, particularly in scenarios involving closely spaced piles.



	
Three-Dimensional Interaction Limitation: The method does not capture dynamic soil resistance from complex three-dimensional pile–soil interactions.



	
Omission of Key Physical Characteristics: It overlooks the relative stiffness of pile and soil, the effects of pile cross-sectional shape, and detailed soil properties like elastic modulus, shear modulus, internal friction angle, and cohesion. This limitation affects the modeling of the effect of soil parameters on pile–soil impact response.



	
Limited Applicability to Various Conditions: The approach is not versatile enough for different soil types, terrain conditions, or pile geometries without specific dynamic impact test data.








These pros and cons illustrate the trade-offs inherent in the lumped parameter approach, highlighting the need for advanced methods to overcome these limitations in the context of dynamic pile–soil interaction modeling for crash test simulations.





5. Subgrade Reaction Method


The subgrade reaction method is a prevalent methodology for simulating soil responses under vehicular impacts in pile–soil systems, as indicated in studies [47,48]. This method, conceptualized on the foundational work of Habihagahi and Langer [49], models soil behavior through a series of discrete, uncoupled nonlinear springs. The horizontal subgrade reaction approach, informed by the principle of bearing capacity, simplifies the complex interrelationship between horizontal subgrade reaction, pile deflection, and effective overburden stress in granular soils [49]. This paper presents a detailed examination of the subgrade reaction method, particularly focusing on its underlying philosophy in the context of dynamic pile–soil interaction modeling for crash test simulations. Central to this analysis is the derivation process of the force vs. displacement curves for the nonlinear springs, which is vital in accurately representing soil dynamics under impact conditions. In contrast to the lumped parameter method, which relies heavily on physical impact test data for force versus displacement curve derivation, the subgrade reaction approach is not dependent on such data.



Moreover, this paper offers a critical assessment of the subgrade reaction method, highlighting its strengths in providing a simplified yet effective framework for simulating soil behavior in dynamic impact scenarios. It also addresses the method’s limitations, particularly in terms of its capacity to fully capture the various and often nonlinear behavior of soil under varying load conditions. This discussion aims to underline the utility and constraints of the subgrade reaction method within the broader scope of crash test simulations.



5.1. Underlying Philosophy


In geotechnical engineering and geomechanics, several terminologies, including “horizontal subgrade modulus”, “lateral subgrade modulus”, “constant and coefficient of horizontal subgrade reaction”, “lateral modulus of subgrade reaction”, and “soil spring constant”, are frequently employed. These terms refer to the horizontal soil modulus and are often used interchangeably in the literature [49]. The subgrade reaction method, a staple in geotechnical engineering, is primarily applied to analyze the response of laterally loaded piles embedded in soil. This approach models the surrounding soil material as a series of uncoupled nonlinear springs attached to the pile, as shown in Figure 9.



A key aspect of this method is characterizing force vs. deflection curves for these nonlinear springs. A range of empirical and semi-empirical relationships have been established to determine the modulus of subgrade reaction for various granular soil types, largely based on curve fitting data from in situ quasi-static or static load tests [50,51,52]. Barrier designers have widely adopted this method for modeling soil behavior around piles during vehicle impacts into soil-embedded barrier systems.



Accurately deriving these force vs. deflection curves is crucial for computing soil resistance against laterally impacted piles. The effectiveness of this approach hinges on the precision of the horizontal subgrade modulus used in these computations. Therefore, selecting appropriate methods to accurately determine horizontal subgrade modulus and spring stiffness becomes imperative. Researchers typically employ empirical and semi-empirical relationships that link the horizontal subgrade modulus to readily accessible granular soil properties. This paper further elaborates on the methodology for deriving force versus displacement curves for the nonlinear soil springs.




5.2. Derivation of Force vs. Displacement Curves


Within the framework of the subgrade reaction method, soil spring stiffness is calculated based on the principles outlined by Habibagahi and Langer [49]. This approach is particularly pertinent to granular soils, where the horizontal subgrade reaction coefficient is observed to vary with changing pile embedment depth and pile deflection. Notably, for granular soils, this coefficient increases with the depth of pile embedment, while it demonstrates a decrease in response to pile deflection [19,20,47]. The determination of soil spring stiffness in this context is subject to a multitude of influencing factors. These include the effective overburden stress, the nature of the pile deflection or displacement, and the type of applied load, which can range from static or quasi-static to dynamic. Additionally, the relative density of the granular soil, along with the mechanical and geometric characteristics of the pile (such as its shape), play a significant role in this calculation.



The coefficient of horizontal subgrade reaction (    k   h    ) is a critical parameter for modeling soil behavior in pile–soil systems. Drawing on the concept of bearing capacity, as elaborated in the works of Bowles and Audibert et al. [53,54], Habibagahi and Langer [49] proposed a method to compute     k   h     for granular soils. This computation involves the effective overburden stress   (   σ   v   ′   )   and the pile lateral deflection (  y  ), formulated as follows:


    k   h   =   σ   v   ′       N   q     y    



(29)




where     N   q       is the lateral bearing capacity factor and the effective overburden stress is calculated by the following equation:


    σ   v   ′   =   γ   s o i l   z  



(30)




in which     γ   s o i l     is the soil’s unit weight and   z   denotes the soil depth. The factor Nq varies with the pile’s deflection and is given by the following:


    N   q   =      z   B    + A    



(31)







In this equation,   B   is the width of the pile, and A is a constant dependent on both the pile deflection and the internal angle of friction of the granular soil. Empirical data from load test indicate that for a friction angle of   ϕ = 30 °  , the value of   A   corresponds to 5, 9, 12, and 15 for pile deflections of 2.54 mm, 6.35 mm, 12.7 mm, and 25.4 mm, respectively [31,32,49].



Expanding on this foundation, some researchers [31,32] have extrapolated the value of   A   beyond the pile deflection limit of 25.4 mm. This extension aims to adapt the parameter for large-deformation numerical analyses of pile–soil systems under impact loading. A relationship between the constant parameter   A   and pile lateral deflection   y   for an internal friction angle   ϕ = 30 °   was developed using the method of least squares, resulting in Prony series curve fit expressed as follows:


  A = − 14.09   e   −   0.1245 y     + 15.276  



(32)







In analyzing large lateral deflections in pile–soil systems, a notable observation is the convergence of the constant parameter   A   towards 15.276. This behavior emerges in scenarios where no existing load curve data for various friction angle values (  ϕ )   of granular soils, typically utilized in crash testing of soil-embedded barrier systems, are available. To address this gap, Equation (33) was integrated into Equation (30) as a scaling or modification factor (  M F )  :


  M F = 1 +   2   3     ϕ − 30    



(33)







This modification was initially proposed based on horizontal subgrade modulus values from the Navy design manual [55] for a pile embedment depth of 500 mm and a lateral pile deflection of 34 mm. As pointed out by Plaxico et al. and Patzner et al. [24,25], there is a need for extensive geotechnical field and laboratory testing to refine the relationship between   A   and the internal friction angle   ϕ  .



Using this modification factor, the coefficient of subgrade reaction     k   h     is expressed as follows:


    k   h   =     σ   v   ′     y        z   B    + A   M F  



(34)







For calculating the stiffness of springs along the embedded length of the pile, the pile is segmented into various layers [31,32]. The overburden stress for each layer is computed, followed by the calculation of   M F   using Equation (33). The lateral bearing capacity coefficient or factor (    N   q    ) is then determined from Equation (31), and the horizontal subgrade modulus is ascertained using Equation (34). Subsequently, the soil spring force along the pile length is computed as follows:


  F =   k   h     B × d   × y  



(35)




where   F   denotes the spring force,   B   is the pile width,   d   represents the distance between the springs, and   y   is the spring displacement.



Figure 10 illustrates force vs. displacement curves derived from Equation (30) through Equation (35) for the soil springs at varying depths for typical pile sections used in vehicle barrier systems, such as a 150 mm × 200 mm timber pile and a W152 × 23.6 steel pile embedded in granular soil (  ϕ = 45 °  ). These piles were divided into 100 mm segments. As shown in Figure 10, the computed force vs. displacement curve for the soil springs largely depends on the pile cross-section. The spring force stabilized beyond approximately 34 mm of displacement for each pile segment. This characteristic of the force vs. displacement curve is attributed     N   q     approaching its ultimate value at large displacements. Once these soil spring curves, or force vs. displacement curves for each pile segment, are derived using the outlined procedures, they are integrated into LS-DYNA’s MAT_SPRING_GENERAL_NONLINEAR material model using discrete element formulations for crash test simulation of vehicle barrier systems [56].




5.3. Analysis of Subgrade Reaction Method


The subgrade reaction method, tracing its origins to the design of piles and conduits under static or quasi-static loading in the 1950s and 1960s [51,57,58,59], has been a foundational approach in geotechnical engineering. This method, particularly for laterally loaded piles, draws upon the work of Bowles and Audibert et al. [53,54], who established a simple yet effective formula to estimate the horizontal subgrade modulus in cohesionless or granular soils. The calibration of this modulus, or the soil reaction, has traditionally been based on field load tests, typically limited to small pile deflections not exceeding 25 mm [49].



However, significant disparities exist between these conventional load tests and the crash tests conducted on pile–soil systems, particularly regarding pile response and loading conditions. Pile behavior in vehicle barrier systems exhibits a range of responses, from flexible to rigid, depending on the pile’s geometry, mechanical properties, soil conditions, and impact loading scenarios. In vehicle impact loading on soil-based barrier systems, typical failure modes of the pile–soil system include pile bending, rotation within the soil, fracture (as in timber piles), twisting, or a combination of these phenomena. Notably, maximum energy absorption in the pile–soil system is observed when inelastic deformation predominantly occurs in the soil material, such as when the pile rotates within the soil with minimal to no plastic deformation of the pile itself [56].



Given these contrasts, questions arise regarding the applicability of the subgrade reaction method as a general modeling technique for analyzing and designing piles embedded in soil under transient loading conditions, including vehicular impacts. This paper identifies the following three specific areas of concern when applying the subgrade reaction method to analyze laterally impacted pile–soil systems.



5.3.1. Refinement of Force vs. Displacement Curve Methodology


The formulation of force vs. displacement curves for soil springs in current models is derived from a generic approach reliant on a limited spectrum of soil material parameters. This raises pertinent questions about the identification and sufficiency of these parameters for accurately depicting soil’s impact response. Moreover, the applicability of these generic formulations across varied pile geometries, embedment depths, impact conditions, soil types, and terrain scenarios, such as sloped terrains, is a subject of ongoing inquiry. Integrating soil testing techniques from laboratory settings (like bender element tests) and field investigations (such as seismic cone tests) into the subgrade reaction method has yet to be realized. These testing methodologies could enhance understanding of soil responses during impact events, significantly contributing to designing safer and more effective vehicle barrier systems.




5.3.2. Inclusion of Additional Soil Reaction Constituents


Recent research in geomechanics and geotechnical engineering [47,48,60,61] has identified key additional soil reaction constituents that influence the behavior of laterally loaded piles. These constituents include a base shear term, a distributed moment term, and a base moment term. Recognizing and incorporating these additional components into the subgrade reaction approach may lead to a more comprehensive and accurate method for capturing pile–soil systems’ response under vehicular impacts.




5.3.3. Enhancing Force vs. Displacement Curves for Impact Loading


Though practical, the current subgrade reaction approach derives its force vs. displacement curves from static or quasi-static load tests, failing to fully represent the mechanical processes of soil reaction under impact loading. This limitation manifests in the method’s inability to account for the effects of loading rate on soil response and the resistive forces within the pile–soil system. It is essential to incorporate impact loading conditions and strain rate effects into the force vs. displacement curve derivation to extend its applicability to a broader range of impact scenarios and soil conditions. This enhancement would allow for a more robust and versatile application of the subgrade reaction method, aligning it more closely with the complex realities of soil behavior under dynamic impact loading conditions.





5.4. Advantages and Limitations


The subgrade reaction method, characterized by its efficiency in computational time, has been widely adopted over the past two decades for analyzing dynamic pile–soil interactions during impact events. This method is particularly prevalent in studying standard pile embedments and cross-sections in vehicle barrier systems. Despite its popularity and utility, the subgrade reaction method exhibits several notable limitations, as detailed below:




	i.

	
Discrete Modeling Approach: The method models soil with discrete, uncoupled nonlinear springs, which fails to capture the continuum nature of soil material. This leads to an inability to accurately represent shear transfer within the soil, rendering the method less suitable for soil-embedded barrier systems involving closely spaced piles or pile groups. The method’s reliance on local displacement for dynamic pile–soil interaction disregards the interplay of stresses or displacements along the pile, thereby not effectively modeling the behavior of pile groups.




	ii.

	
Pile Response Limitations: The subgrade reaction method primarily evaluates impact force and displacement at the impact point, lacking detailed information on the distribution of displacements and soil pressures along the pile’s length.




	iii.

	
Soil Type: Originally developed with the assumption of purely cohesionless, granular soils [49], the method encounters challenges when applied to the diverse soil conditions found in real-life barrier systems, including cohesive, cohesive-frictional soils, and rock. Additionally, difficulties arise in determining the modulus of subgrade reaction for native soils, particularly due to its dependency on pile size and the inherently nonlinear soil response.




	iv.

	
Soil Response in Dynamic Conditions: Initially aimed at simulating rigid or short pile behaviors, the method’s efficacy in predicting the dynamic response of flexible or long piles under impact loading is uncertain. Moreover, it overlooks critical factors like front soil pressure and side shear drag, which are crucial in resisting pile movement during impact events.




	v.

	
Soil Stiffness vs. Soil Strength: The approach does not directly relate soil behavior to tangible and realistic soil properties such as strength and stiffness. Instead, soil stiffness within this method is deduced from soil strength parameters like the internal friction angle, rather than from actual soil stiffness parameters. The modulus of subgrade reaction, far from being a unique soil property, is influenced by factors including pile deflection and characteristics like pile width and embedment depth [49].











6. Modified Subgrade Reaction Method


Historically, a diverse array of modeling methodologies has been developed to analyze the behavior of a single pile embedded in soil under low-frequency dynamic loads, such as those encountered in seismic or earthquake conditions. These methodologies, as detailed in various studies [62,63,64,65,66,67,68,69], have incorporated considerations of soil stiffness and material damping to enhance the fidelity of the models. One notable approach involves simulating laterally loaded pile–soil systems using a combination of uncoupled discrete elastic springs and viscous dashpots [62]. Another method divides the soil continuum into two distinct regions: an inner or weakened region and an outer field representing the infinite soil domain [63]. This division is depicted in Figure 11. The weakened region results from the pile installation process, leading to altered soil properties near the pile. This model represents the soil continuum by linear springs and dashpots, capturing the soil’s elastic properties and damping effects. The assumption of an imperfect bond between the soil media and pile interface [63] is critical in this methodology, recognizing the altered mechanical interaction due to the pile installation.



Taciroglu et al. [67] developed a macro-element model to simulate the dynamic lateral pile–soil interaction. This model incorporates various physical phenomena at the pile–soil interface, including frictional forces, gap formation, and soil-damping characteristics. The macro-element model comprises several fundamental elements, each tailored to capture a specific aspect of the dynamic interaction between the pile and the soil. These elements are as follows:




	
Drag Element: This component models the frictional interaction between the soil and the pile, a critical factor in understanding the pile’s resistance to lateral movement.



	
Gap Element: This accounts for the formation of gaps between the soil and the pile, which can significantly affect the overall stability and behavior of the pile–soil system.



	
Elastoplastic p-y Element: This element is designed to describe the soil’s hysteretic response under dynamic loads, capturing the non-linear and history-dependent behavior of soil.








In the context of this model, as depicted in Figure 12,     σ   d     represents ultimate drag stress, illustrating the maximum stress due to friction that the soil can exert on the pile.   K   denotes the frictional stiffness, quantifying the soil’s resistance to pile movement.     σ   L     is the limit stress, indicating the stress level beyond which the element’s behavior deviates from ideal elastic response.   P ( t )   stands for the projected stress, reflecting the anticipated stress response over time.   E   represents the plastic tangent stiffness, a measure of the soil’s stiffness during plastic deformation. Additionally, parameters   η  ,   β  , and   n   are included to capture various soil material characteristics. Taciroglu et al. [67] extensively discuss the theoretical underpinnings and numerical implementation of this macro-element model.



A streamlined approach, characterized as a simplified lumped model, has been proposed to advance the modeling of soil dynamics around piles under lateral dynamic excitations [69]. This model conceptualizes the soil continuum surrounding the pile using a mass-spring-damper system, where the mass (    m   a    ), the spring stiffness (    k   a   )  , and the damping coefficient (    c   a   )   are the key components. This representation, as illustrated in Figure 13, encapsulates the dynamic properties of the soil, namely inertia, stiffness, and damping. The mass element in this model reflects the inertia of the soil, the spring element embodies the soil’s stiffness, and the dashpot represents the damping characteristics of the soil medium. This lumped model approach offers a simplified yet insightful way to understand the dynamic interaction between the pile and the surrounding soil. However, an inherent assumption in this model is the constancy of these properties along the entire pile length. This assumption potentially oversimplifies the complex, often non-uniform nature of soil behavior along the depth of the pile.



In addition to these established techniques, a modified subgrade reaction method has been introduced recently [29,30]. This simplified approach conceptualizes the soil continuum as a combination of a mass (representing soil inertia), a spring (soil stiffness), and a dashpot (soil damping). The modified subgrade reaction method is specifically designed for analyzing pile–soil systems under vehicular impacts, commonly found in soil-embedded vehicle barrier systems. The next sections will examine the underlying philosophy and mechanics of this approach.



6.1. Underlying Philosophy


The modified subgrade reaction method, building upon the subgrade reaction approach’s foundations, employs the bearing capacity principle for computing the subgrade reaction’s modulus. This adaptation, informed by the research of Plaxico et al. and Patzner et al. [31,32], extends the method’s capabilities to encompass soil inertia and damping effects, as shown in Figure 14. In this enhanced approach, the soil mass is conceptualized as a series of discrete segments, each representing a thin layer of soil with assumed constant properties. The dynamic interaction during pile impacts is modeled using a mass-spring-damper system: the lumped mass reflects the soil mass engaged during impacts, springs simulate soil stiffness and store elastic energy, and dampers represent energy dissipation within the pile–soil system.



As depicted in Figure 14, the pile–soil system is modeled as a pile connected to a series of mass-spring-damper systems. At each soil layer, soil mass, stiffness, and damping characteristics are aggregated at the nodal point interfacing with the pile model. The modified subgrade reaction method defines three key parameters—lumped mass, spring stiffness, and damping factor—to characterize the soil. These parameters are depth- and density-dependent, tailoring the model to the specific conditions of each soil layer [29,30]. The following subsections will elaborate on the derivation of both the lumped mass and the damping factor. The procedure for deriving soil spring stiffness, similar to the approach in the subgrade reaction method, is not detailed here, as the underlying principles and methodologies are similar to those previously discussed.




6.2. Derivation of Lumped Mass and Damping Factor


6.2.1. Derivation of Lumped Mass


The determination of the lumped mass within a spring-mass-dashpot system involves assessing the mass of each soil segment engaged during pile impact. This lumped mass, not predetermined, necessitates a different approach for its accurate estimation. Studies employing continuum soil models, particularly finite element methods [29,30], have been instrumental in quantifying the involved soil mass. These continuum simulations suggest that the total volume of soil mobilized during pile impacts resembles a conical shape, with the apex positioned at the pile’s rotation point below the ground and the base at ground level, as visualized in Figure 15. To delineate the lumped soil mass, a displacement criterion of     d   f   = 2   m m   is established based on parametric studies [29,30]. Soil masses exhibiting displacements greater than or equal to     d   f     are considered active and contributing to the soil’s inertial force. Conversely, soil masses with displacements less than     d   f     are deemed inactive in contributing to inertial forces.



The cone, as illustrated in Figure 15, is subsequently divided into individual soil segments, each representing the space between soil springs. The mass of each segment is then evaluated and integrated into the corresponding spring-dashpot system, as previously depicted in Figure 14. However, it is important to note that the chosen displacement criterion,     d   f    , and the resulting determination of active soil mass are significantly influenced by various factors in the continuum mesh-based finite element model of the pile–soil system. These factors include the specific soil constitutive model and its input parameters, as well as numerical aspects of the computational model, like contact algorithms and boundary and initial conditions.



Furthermore, the universality of the conical shape representation for the mobilized soil mass remains uncertain, particularly in relation to varying pile geometries, physical and mechanical properties of the soil, terrain conditions (level versus sloped), and impact conditions. There is also a lack of empirical data linking the size of the mobilized soil mass to the soil’s strength and stiffness properties, such as Young’s modulus, shear modulus, internal friction angle, and cohesion. This gap in knowledge presents an area for future research to enhance the accuracy and applicability of the lumped mass approach in dynamic soil–structure interaction models.




6.2.2. Derivation of Damping Factor


Numerical analyses of dynamic pile–soil interactions, particularly at low excitation levels, have highlighted the critical importance of various soil properties, including shear modulus and Poisson’s ratio. In cases where the soil density is known, the longitudinal and shear wave velocities become key parameters. Equally crucial is the material damping in the soil, which arises from the friction between soil particles and the relative motion between the pore fluid and the soil’s solid skeleton. However, a notable gap in experimental data persists, specifically regarding the determination of the material damping ratio for soil types used in crash testing of soil-embedded vehicle barrier systems.



In the context of the modified subgrade reaction method, soil damping has been determined through parametric studies. These studies have explored a range of soil damping ratio values (from 0 to 20%), as reported in existing literature [29,30], and have been corroborated with dynamic impact test results. Findings from these studies suggest that a material damping ratio of approximately 12% tends to yield optimal results. This optimal damping ratio aligns the model’s force vs. displacement and displacement vs. time responses with the experimental findings noted in [70].



However, the specific details of the computational models employed in these parametric studies are not extensively documented in the literature. This omission raises questions about the broad applicability of the 12% damping ratio, especially when considering variations in pile cross-sections, mechanical properties of piles (such as differences between timber and steel), soil conditions (ranging from saturated to partially saturated), terrain conditions (including sloped vs. level terrains), and different impact conditions. The absence of comprehensive model details and the lack of clarity on the generalizability of the damping ratio value point to areas for further investigation and model refinement to enhance the accuracy and applicability of the modified subgrade reaction method in diverse geotechnical scenarios.





6.3. Advantages and Limitations


While the modified subgrade reaction method has demonstrated utility in simulating the impact response of pile–soil systems, it is not without its limitations. One of the primary constraints lies in determining soil spring stiffness, which is based on a narrow range of field load tests. These tests represent only a limited spectrum of test configurations, potentially restricting the method’s applicability to various scenarios.



Additionally, calculating the lumped mass, derived from numerical simulations using finite element methods that employ a continuum, solid elements to represent the soil, presents its own challenges. The extent to which this method of computing the lumped mass is applicable across various conditions—such as differing pile geometries, pile properties, and the physical and mechanical properties of the soil—is not definitively clear. This ambiguity extends to varying ground or terrain conditions (for example, level vs. sloped terrains) and the range of impact conditions encountered.



Furthermore, using finite element analysis with a continuum, solid soil elements to ascertain the mobilized soil mass may render the method less efficient. This inefficiency is compounded by uncertainties surrounding the material damping ratio value used in the modified method. The suitability of this damping ratio across a broad spectrum of soil and pile types, as well as various impact conditions typical in roadside safety applications, remains uncertain.



Moreover, the limitations discussed in Section 5.4 regarding the subgrade reaction method also apply to this modified approach. These include challenges in accurately representing the complex soil behavior and the interactions within pile–soil systems under dynamic loading conditions. Therefore, while the modified subgrade reaction method brings certain improvements, it still inherits some of the fundamental constraints of the original approach, necessitating further refinement and validation for broader applicability in the simulation of vehicle barrier systems.





7. Direct or Mesh-Based Continuum Method


7.1. Underying Philosophy


In the realm of soil modeling for pile–soil impact simulations, traditional approaches, such as the lumped parameter, subgrade reaction, and modified subgrade reaction methods, are limited by treating nonlinear soil springs as independent entities. However, soil can more realistically be considered as a continuum in the context of pile–soil impacts. The mesh-based finite element method, a numerical tool extensively referenced in studies [8,9,10,11,12,13,29,30,33,34,71,72,73,74,75,76], adopts this continuum perspective, offering a more comprehensive representation of soil behavior.



The direct or mesh-based continuum approach presents a significant advantage over discrete methods, such as the lumped parameter method, the subgrade reaction approach, and the modified subgrade reaction method, by reducing the need for simplifications in simulating the pile–soil impact problem. It enables the incorporation of the effect of various soil conditions on the dynamic pile–soil interaction analyses. This method is particularly effective for dynamic pile–soil interaction analysis under impact loading conditions where soil experiences small deformations and does not exhibit fluid-like behavior.



However, the direct method generally falls short in accurately simulating large soil deformations, such as those encountered in scenarios involving rigid piles [76]. In these cases, where stiff piles embedded in soil are subjected to impact loading, substantial soil deformations occur due to pile rotation through the soil, often resulting in fluid-like soil behavior. This fluid-like behavior challenges the mesh-based continuum method, frequently leading to significant mesh distortions and element entanglements. These issues can cause substantial inaccuracies in simulation results or premature termination [16,70].




7.2. Constitutive Equations


Wu and Thomson [34] conducted a study on dynamic pile–soil interaction employing the direct method, which is illustrated in Figure 16. Their research focused on a standard Fe360B steel Sigma-shaped Swedish W-beam guardrail pile, analogous to the SS1311-00 steel used in Sweden. The investigation utilized a soil and concrete constitutive model from the LS-DYNA simulation platform to simulate gravel soil behavior. A key aspect of their study was exploring how gravel stiffness influences dynamic pile–soil interactions. Additionally, they proposed input parameters for the soil and concrete model, tailored for the type of gravel commonly used in Swedish vehicle barrier system installations.



However, a critical aspect to note in the soil and concrete model used is its adherence to the normality condition in traditional plasticity theory. According to this condition, the plastic deviatoric strain rate vector is normal to the yield surface, which implies no plastic volumetric change or dilation during shear loading. Although standard in plasticity models, this assumption may not comprehensively represent the behavior of densely packed granular soils under dynamic shear conditions. In reality, such soils often exhibit an increase in volume as particle packing becomes disturbed during vehicle impacts into soil-embedded barrier systems. Therefore, the normality condition in the model may not adequately capture the volume change or dilation phenomena resulting from the efficiency of gravel packing under dynamic shear loading.



In a separate study, Sheikh et al. [75] performed a series of numerical simulations using the mesh-based continuum approach to analyze dynamic pile–soil interactions under lateral impact loading for various pile embedment depths. These simulations, as shown in Figure 17, involved W152 × 12.6 steel piles embedded at depths of 819 mm, 914 mm, 1016 mm, and 1118 mm in NCHRP 350 strong soil, which closely resembles well-graded gravel soil. An important aspect of this study was the evaluation of two distinct soil material models: the jointed rock model and the geologic cap model. These models were considered for integration into the mesh-based continuum soil model. However, this study did not provide details regarding the selection and determination of input parameters for these soil constitutive models.



As outlined in studies [76,77], the jointed rock model is designed to simulate the behavior of jointed and stratified rock layers. This model conceptualizes the rock material as being intact with distinct principal joint directions and stratification. The rock is assumed to exhibit transversely anisotropic elastic behavior, characterized by five key parameters: shear modulus, Poisson’s ratio, friction angle, cohesion, and dilation angle and direction. The application of the jointed rock model in crash simulations involving pile–soil systems is particularly pertinent in scenarios where the rock mass comprises families of parallel joints without fault gouge filling, and the joint spacing is relatively small compared to the structural dimensions. However, given its specific focus on rock-like materials with jointed characteristics, this model may not be ideal for modeling granular soils commonly encountered in soil-embedded vehicle barrier system crash tests.



On the other hand, the geologic cap model, referenced in [78,79,80], is an associated, rate-independent plasticity model incorporating a shear yield surface and a hardening cap surface. Despite its utility, this model faces several challenges. Firstly, at the junction where the cap hardening surface meets the shear-failure surface, the flow direction becomes indeterminate. Secondly, from a physical perspective, the model precludes pre-failure dilatant deformation, which is at odds with empirical observations in many soil types. Lastly, from a computational standpoint, the requirement for the cap hardening surface to intersect the shear-failure surface at a horizontal tangency to the cap ellipse significantly increases computational demands. This is due to the complexity involved in locating the precise intersection of these surfaces, leading to extended computational times.



Furthering the investigation into the crashworthiness of soil-embedded modified W-beam guardrail systems, a mesh-based continuum approach was used to model the soil [13], as shown in Figure 18. In this scenario, W152 × 12.6 steel piles were embedded to a depth of 1100 mm in compacted dense crushed limestone. The soil modeling utilized a soil and foam constitutive model available within the LS-DYNA simulation platform [81]. However, the study does not provide detailed insights into the rationale behind the selection and evaluation of this particular soil and foam model. Additionally, the methodologies used for determining the necessary input parameters for the model were not elaborated upon.



The soil and foam model, as referenced in [81], is characterized by a plastic deviatoric strain rate vector that is normal to the yield surface. This implies the model does not accommodate dilation or plastic volume changes during shear loading. However, this assumption does not align well with the soil behavior observed in soil-embedded barrier systems under impact loading. Particularly in densely packed granular soils subjected to dynamic shear, an increase in volume is often observed due to the disturbance of particle packing. Consequently, the normality condition in the model inadequately represents the observed volume changes or dilation in soils under dynamic shear conditions.



Furthermore, the soil and foam model has several limitations when applied to crash test simulations:




	
The model requires confinement for stability, as it is designed for high-pressure regions [30]. This limitation restricts its ability to simulate low confinement effects, which are crucial in soil-embedded vehicle barrier systems.



	
A significant drawback is the inability to simulate dilation or volumetric expansion behavior in granular soils during impact loading.



	
It does not predict moisture or pore-pressure build-up during undrained failure under dynamic shear loading.



	
The model lacks the capability to simulate strain softening and strain rate effects.



	
The circular shape of the yield surface in the deviatoric plane is inconsistent with empirical observations of granular soils [22].








In a related study, Sassi et al. [29] utilized the direct method to numerically investigate the dynamic interaction between W152 × 12.6 steel piles and soil during lateral impact loading, as shown in Figure 19. A cellular concrete constitutive model from the non-linear explicit solver RADIOSS [82] was employed for soil modeling. This model is similar to the soil and foam model in LS-DYNA [7,77]. However, as previously highlighted, this soil model exhibits several shortcomings for accurately simulating crash test scenarios, particularly due to its limitations in representing realistic soil behavior under dynamic loading conditions.




7.3. Advantages and Limitations


Computational modeling and simulation of soil-embedded vehicle barrier systems via the direct or mesh-based continuum approach is particularly effective in scenarios involving small soil deformations. This approach accurately incorporates essential physical and mechanical aspects of dynamic pile–soil interaction. It allows for the integration of nonlinear soil and pile material behavior through advanced nonlinear, elastoplastic constitutive models. Additionally, the dynamic interaction can be realistically modeled using contact algorithms, facilitating the simulation of gaps behind the pile and the transfer of frictional stresses between the pile and surrounding soil.



Key advantages of the mesh-based continuum modeling approach include the following:




	
The ability to model nonlinear soil responses, encompassing inelastic deformation, strain softening, and strain rate effects.



	
The flexibility to vary material properties, such as the soil’s elastic modulus, shear modulus, and shear strength parameters, including internal friction angle and cohesion.



	
The capacity for detailed parametric studies exploring the effects of soil strength on pile–soil resistive forces and the interplay of embedment depth with impact velocity and mass.



	
Compared to discrete approaches, the direct or mesh-based continuum method requires fewer simplifications, making it more suitable for simulating real-life pile–soil impact problems. It also allows for the application of various impact loading conditions, including oblique impacts.








However, the direct approach is not without limitations. It demands substantial expertise in numerical methods and produces results highly sensitive to the chosen soil constitutive model, input parameters, and numerical features such as contact algorithms and boundary conditions. Most significantly, vehicle impacts into soil-embedded barrier systems often involve substantial flow or large plastic deformation of the soil, displaying fluid-like behavior. In the mesh-based continuum method, computations are based on fixed mass elements. Consequently, large soil deformations lead to severe mesh distortions. These distorted elements can result in non-physical responses and deteriorate the accuracy of simulation results, potentially leading to premature termination of computations. Therefore, this approach generally fails to accurately model scenarios with large soil deformations where the soil exhibits fluid-like behavior. This is especially pertinent in cases where the pile exhibits rotational movements within the soil [22].





8. Summary, Conclusions, and Future Directions


The utilization of nonlinear FEM for simulating crash tests in soil-embedded vehicle barrier systems has been explored extensively. In these models, the soil surrounding the pile is typically represented using nonlinear discrete springs (lumped parameter method), uncoupled nonlinear springs (subgrade reaction method), or nonlinear springs and dampers with lumped soil mass (modified subgrade reaction method). While these methods can yield practically useful results, they are limited in their ability to accurately simulate the complex, particulate-continuum nature of soil. Specifically, these techniques fail to account for key aspects such as dynamic stress–strain behavior, three-dimensional large plastic deformation, volumetric expansion, inertial and strain rate effects, and dynamic shear interaction between the pile and soil. Additionally, the simulation of complex impact conditions, multiphysics scenarios, varied pile geometries, and terrain conditions remains a challenge with these nonlinear spring-based soil models.



Some researchers have adopted soil continuum elements adhering to specific rate-independent constitutive laws, using direct or mesh-based continuum methods. However, these approaches are constrained by the limitations of grid or mesh topology, which becomes particularly problematic in scenarios involving large plastic deformation or flow in the soil around the pile. Severe mesh distortions and element entanglements often arise during dynamic soil deformation from pile impacts, leading to a significant decrease in simulation accuracy, numerical errors, and potential termination of the simulation.



Despite extensive research encompassing physical testing and simulation-based studies, a comprehensive understanding of pile–soil interaction dynamics in the context of vehicular impact remains elusive. In order to bridge this knowledge gap, there is a critical demand for developing advanced computational methodologies. These methodologies should not only address the current limitations and mitigate the oversimplifications inherent in existing models but also integrate refined soil material models that more accurately mirror the soil’s response to impact loading scenarios. Particularly promising are computational frameworks designed for large-deformation analysis, which have shown potential in accurately modeling the dynamic interactions between piles and soil during impact events. Consequently, there is a need to develop more refined computational models and simulations, leveraging large-deformation techniques to yield more profound insights into the complex behavior of pile–soil systems under vehicular impact conditions.



Several alternative computational methods have been developed to accurately address large-deformation challenges. These include enhanced mesh-based continuum methods with element erosion algorithms or remeshing techniques (e.g., Eulerian, Arbitrary Lagrangian-Eulerian (ALE), Multi-Material ALE), mesh-free particle methods (e.g., Smoothed Particle Hydrodynamics (SPH)), and hybrid or adaptive coupling of mesh-based and mesh-free particle methods. However, the application of these large-deformation computational methods, in conjunction with a rheological soil model based on viscoplastic continuum theory for simulating full-scale, three-dimensional, dynamic pile–soil interactions under vehicular impacts, remains rare. Consequently, the impact behavior of pile–soil systems under vehicle impacts is still not fully comprehended.



There is a notable gap in fundamental research focused on developing an accurate, efficient, and validated large-deformation computational model as a predictive tool for evaluating the performance of soil-embedded vehicle barrier systems. Such models are necessary for a range of pile embedment depths, shapes, soil types, and impact conditions. Developing detailed large-deformation computational models for simulating and understanding the physics of pile–soil systems under various impact conditions is therefore critical. Advanced large-deformation computational methods can enhance the realism in predicting pile–soil system behavior and impact performance and serve as efficient tools for selecting optimal pile geometries and embedment depths, ultimately contributing to public safety improvements.
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Figure 1. Various soil-embedded vehicle barrier systems for standard and special applications [4,5,6]. 
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Figure 2. Schematics of (a) forces acting on laterally loaded pile embedded in soil; and (b) soil pressure approximation in a rigid pile cross-section [23], in which   F   is the lateral force,     h   e     is the loading height,     h   L     is embedment depth, and p is the soil pressure. 
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Figure 3. Initial and deformed configuration of a continuum body in a Cartesian coordinate system. 
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Figure 4. Physical impact test and lumped parameter computational model of a rigid (W152 × 23.6 steel) pile embedded in soil [35]. 






Figure 4. Physical impact test and lumped parameter computational model of a rigid (W152 × 23.6 steel) pile embedded in soil [35].



[image: Geotechnics 04 00007 g004]







[image: Geotechnics 04 00007 g005] 





Figure 5. Lumped parameter soil model in 53.3 m long Midwest Guardrail System LS-DYNA model [37]. 
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Figure 6. Typical force vs. displacement curve obtained from dynamic impact test and extracted soil curve [35,36]. 
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Figure 7. Free-body diagram showing the applied impact force from bogie vehicle to rigid pile, and the soil resistive force [35,36]. 
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Figure 8. Force vs. displacement curve used in lumped parameter modeling for simulation W152 × 23.6 pile embedded in granular soil. 
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Figure 9. Soil modeling using systems of uncoupled nonlinear springs, i.e., subgrade reaction method [31,32]. 
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Figure 10. Force vs. displacement curve for soil springs computed using the subgrade reaction method for (a) 150 mm × 200 mm timber pile and (b) W152 × 23.6 steel pile at various depths along the pile’s segment. 
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Figure 11. (a) Systems of spring and dashpot for laterally loaded dynamic pile [62] and (b) pile–soil interaction for weakened soil around the pile circumference [63]. 
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Figure 12. Schematics of the macro-element and its components for modeling dynamic soil–structure under seismic or earthquake loading conditions [67]. 
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Figure 13. Pile–soil interaction represented by mass, spring, and dampers [69]. 
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Figure 14. Schematics of modified subgrade reaction method for modeling pile–soil system during vehicular impacts. 






Figure 14. Schematics of modified subgrade reaction method for modeling pile–soil system during vehicular impacts.



[image: Geotechnics 04 00007 g014]







[image: Geotechnics 04 00007 g015] 





Figure 15. Volume of soil mass assumed to be mobilized during pile impact in the modified subgrade reaction approach [29,30]. 
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Figure 16. Pile–soil interaction simulation using mesh-based continuum approach: (a) model setup and (b) soil at initial state (upper) and deformed soil (lower) [34]. 
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Figure 17. Finite element model setup of pendulum impacting W152 × 12.6 steel piles embedded in gravelly soil [71,75]. 
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Figure 18. Finite element model of pile–soil system with wooden blockout [13]. 
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Figure 19. Continuum mesh-based, finite element model of pile–soil system [29]. 
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