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Abstract

The accumulation of granular materials such as snow and sand on road barriers poses
a significant safety threat by altering vehicle dynamics upon impact and degrading road
conditions during adverse weather conditions. This phenomenon must be understood to
improve road safety and infrastructure design. Due to the complexity of granular material
behavior and the variability of environmental conditions, experimentation alone is often
ineffective. Therefore, this thesis adopts advanced numerical analysis to simulate and

analyze the interaction between road barriers and sand, using the finite element software
LS-DYNA.

The research focuses on two common numerical methodologies used in the simulation of
granular media, namely Smoothed Particle Hydrodynamics (SPH) and Discrete Element
Method (DEM). The schemes were implemented and verified to evaluate their ability to
simulate realistic sand deposition profiles. The methodology involves in-depth analysis
of material dynamics, barrier shape and corresponding modeling approaches. Model cali-
bration is based on empirical information, such as natural angle of repose, and analysis of
mesh quality and boundary conditions. The simulations of two typical barrier geometries
(New Jersey and double-sided) were carried out to examine the impact of geometry on
sand accumulation. Results reveal that while SPH provides intricate particle dynamics,
DEM results in more effective and stable simulations, especially for large-scale simula-
tions. Proven models provide a predictive analysis of the impact of barrier shape on sand

ramp development and provide design recommendations to mitigate safety risks.

Keywords: LS-DYNA, sand modeling, road barriers, SPH, DEM, numerical simulation
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Abstract in lingua italiana

L’accumulo di materiali granulari come neve e sabbia sulle barriere stradali rappresenta
una minaccia significativa per la sicurezza, in quanto altera la dinamica dei veicoli al
momento dell'impatto e degrada le condizioni stradali in caso di condizioni meteorologiche
avverse. Questo fenomeno deve essere compreso per migliorare la sicurezza stradale e
la progettazione delle infrastrutture. A causa della complessita del comportamento dei
materiali granulari e della variabilita delle condizioni ambientali, la sola sperimentazione ¢
spesso inefficace. Pertanto, questa tesi adotta un’analisi numerica avanzata per simulare e
analizzare I'interazione tra barriere stradali e sabbia, utilizzando il software agli elementi

finiti LS-DYNA.

La ricerca si concentra su due metodologie numeriche comuni utilizzate nella simulazione
di mezzi granulari, ovvero Smoothed Particle Hydrodynamics (SPH) e Discrete Element
Method (DEM). Gli schemi sono stati implementati e verificati per valutare la loro ca-
pacita di simulare profili realistici di deposizione della sabbia. La metodologia prevede
un’analisi approfondita della dinamica dei materiali, della forma della barriera e dei cor-
rispondenti approcci di modellazione. La calibrazione del modello si basa su informazioni
empiriche, come ’angolo di riposo naturale, e sull’analisi della qualita della maglia e delle
condizioni al contorno. Sono state effettuate simulazioni di due tipiche geometrie di bar-
riera, New Jersey e bifacciale, per esaminare I'impatto della geometria sull’accumulo di
sabbia. [ risultati rivelano che, mentre I'SPH fornisce un’intricata dinamica delle par-
ticelle, il DEM produce simulazioni piu efficaci e stabili, soprattutto per le simulazioni
su larga scala. I modelli dimostrati forniscono un’analisi predittiva dell'impatto della
forma della barriera sullo sviluppo della rampa di sabbia e forniscono raccomandazioni di

progettazione per mitigare i rischi per la sicurezza.

Parole chiave: LS-DYNA, modellazione sabbia, barriere stradali, SPH, DEM, simu-

lazione numerica
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Introduction

Granular materials such as snow and sand along roadside barriers poses a signi cant
safety concern, particularly in arid environments and regions a ected by heavy snowfall.
These deposits can form unintended ramps, alter vehicle dynamics during collisions or
severe weather events, and compromise the performance of safety infrastructure. In desert
regions, for instance, wind-driven sand regularly impacts visibility and road usability,
increasing accident risk and maintenance demands [26].

Conventional mitigation methods are largely based on manual removal or passive struc-
tural designs, which often prove inadequate, especially under evolving environmental con-
ditions. While experimental approaches have been used to study sand buildup, their
applicability remains limited by cost, scale, and reproducibility constraints [34].

Numerical modeling provides a more exible and cost-e ective alternative. It allows for
the simulation of various environmental and structural conditions to assess how granular
materials interact with road barriers. Two of the most established techniques for modeling
such interactions are Smoothed Particle Hydrodynamics (SPH) and the Discrete Element
Method (DEM), both available in LS-DYNA [30].

This thesis aims to develop and validate computational models for simulating sand and
snow accumulation on road safety barriers using SPH and DEM. Evaluate how each
method performs under realistic boundary conditions and complex geometries, such as
those in New Jersey and double-faced barrier designs. The ultimate goal is to establish
a reliable simulation framework that supports safer and more resilient infrastructure in
environments a ected by granular accumulation.






1 ‘ State of Art

Understanding the current landscape and development in granular material simulation is
a fundamental prerequisite for establishing a solid and credible basis for research. Con-
sequently, this chapter provides an in-depth examination of the most pertinent scholarly
literature, computational modeling techniques, and technological innovations relevant to
simulating sand and snow accumulation on structural safety barriers. Emphasis is placed
on the implementation of numerical methodologies, including Smoothed Particle Hydro-
dynamics (SPH), Discrete Element Method (DEM) and Finite Element Method (FEM),

as tools to capture the intricate behavior of granular media subjected to both static and
dynamic loading environments.

The discussion commences with a detailed overview of the fundamental physical attributes
and associated modeling complexities that characterize sand and snow when treated as
granular or particulate systems. These materials exhibit highly nonlinear behavior, which
poses signi cant challenges for accurate and e cient numerical simulation [5]. Following
this, the chapter explores contemporary simulation strategies as implemented in leading
commercial solvers, with a primary focus on LS-DYNA. Developed by Livermore Soft-
ware Technology Corporation (now under the Ansys ownership ), LS-DYNA has gained
widespread recognition for its exceptional capability to model complex phenomena involv-
ing large deformations, material failure, and intricate contact interactions across multiple
physics domains.

The extensive library of material models of LS-DYNA, together with its compatibility
with Lagrangian and mesh-free approaches such as SPH and DEM, makes it an espe-
cially powerful tool in the context of geomechanical simulations. Its high-performance
computing features further enhance its suitability for engineering disciplines where com-
putational cost and model delity are of paramount importance. Within the scope of this
study, speci c attention is given to the advanced material formulations provided by LS-
DYNA, notably the Material Model 147 report, which includes the MAT_005material,
which has been developed for simulating impact dynamics and the ow characteristics of
granular assemblies [25].
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In addition to presenting the theoretical and numerical underpinnings of these models,
this chapter incorporates a range of case studies and benchmark problems that have been
adopted within both academic and industrial settings. These examples serve to illustrate
the validation procedures and modeling standards that are typically employed to ensure
the reliability of simulation results.

1.1. Sand Properties

1.1.1. General Sand Behavior

Sand is a granular material whose behavior depends on the shape, density, moisture,
and friction between particles. Angular grains enhance shear strength through interlock-
ing, while rounded grains ow more easily. Dense sand expands under shear, increasing
stability, while loose sand contracts, potentially leading to liquefaction. Shear strength,
governed by the internal friction angle (), determines resistance to deformation, while
compressibility and the bulk modulus K) in uence its response to pressure [20].

Moisture content alters sand behavior signi cantly, where dry sand relies purely on fric-
tion, wet sand gains apparent cohesion from capillary forces, and saturated sand may
lose strength due to pore pressure buildup. Under dynamic loads, sand dissipates energy
through particle movement and internal friction, a ecting impact response and stability
[16].

The dynamic behavior of sand in nature is most prominently observed through the move-
ment of dunes in coastal and desert environments. This dune migration phenomenon is
driven by wind, gravity, and uid ow interactions, and provides a valuable analog for
understanding granular motion under variable external forces. In both shoreline systems
and arid regions, sand exhibits ow-like behavior that is neither purely uid nor purely
solid. Instead, it transitions between these states depending on factors such as moisture
content, compaction, and particle interaction forces [13].

One particularly relevant scenario for modeling is sand transport during storm, where
environmental forces are intensi ed and patrticle velocities increase signi cantly. During
storm conditions, wind and water generate a turbulent ow that can lift and accelerate
sand grains, contributing to erosion, dune reshaping, and barrier accumulation. According
to recent studies and eld data, sand particle velocities under storm-driven conditions
typically range from approximately 1 m=s to more than 4 m=s, although speci c values
vary depending on several factors [33], including:
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" Wind speed and direction.

" Sand grain size and density.

" Surface roughness and topography.
" Presence of vegetation or moisture.

These natural variations highlight the importance of simulating a range of impact veloci-
ties in computational analyses, particularly when investigating sand accumulation on road
barriers. By incorporating a range of velocities into LS-DYNA simulations, spanning the
lower and upper bounds observed in storm conditions. The modeled behavior can better
re ect realistic environmental scenarios and o er more reliable insights into accumulation
patterns and structural interactions.

1.1.2. LS-DYNA Soil Material Model approach

The LS-DYNA material model 147 was designed speci cally to simulate the behavior
of sand in geotechnical and impact applications. This material model is based on the
Drucker-Prager vyield criterion, which provides a smooth representation of the failure
surface for granular materials, contrary to the more angular Mohr-Coulomb formulation.
It e ectively captures shear strength as a function of pressure by incorporating cohesion
(C) and friction angle ( ) as its principal input parameters [25].

In addition to basic strength characteristics, the model includes the ability to account
for porosity changes, compaction behavior, and strain-rate sensitivity, enabling realistic
representation of sand under dynamic loading conditions such as impacts or sudden ac-
celerations. These capabilities make Model 147 particularly useful for studies involving
high strain rates or transient geomechanical phenomena.

To ensure accurate simulation results, the model requires proper calibration through tri-
axial compression tests and direct shear tests, which provide essential data for parameters
such as Poisson's ratio, shear modulus, and various hardening or softening e ects. Fur-
thermore, Material Model 147 supports the simulation of liquefaction, making it a suitable
choice for advanced applications such as earthquake engineering and blast-load interac-
tion studies [25]. The general mechanical and elastic properties used for initial model
assessment are summarized in Table 1.1 and Table 1.2.



The New Jersey barrier, originally created in the 1950s, is a concrete safety shape used
to stop crossovers of vehicles and reduce damage in case of impact. Typical sizes consist
of a height of 100 cm and a base of 62 cm (Figure 1.1). The angled pro le guides vehicles
onto the road, where they can be less likely to roll over. Reinforced concrete structure

provides durability and e ective impact damage control[28].

6 1| State of Art
Table 1.1: Typical Poisson's ratio range for granular soils [25]
Soil Type Poisson's Ratio Range
Loose Sand 0.200.40
Medium Dense Sand 0.250.40
Dense Sand 0.300.45
Silty Sand 0.200.40
Sand and Gravel 0.150.35
Table 1.2: Typical mechanical properties of sandy soils (MPa) [25]
Soil Type Elastic Mod. E | Bulk Mod. K | Shear Mod. G
Loose Sand 10.35 24.15 6.90 16.10 4.14 9.66
Medium Dense Sand 10.3517.25 6.90 11.50 4.14 6.90
Dense Sand 17.25 27.60 11.50 18.40 6.90 11.04
Silty Sand 34.50 55.20 23.00 36.80 13.80 22.08
Sand and Gravel 69.00 172.50 46.00 115.00 27.60 69.00
1.2. Road Barrier Properties
1.2.1. New Jersey Barrier
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(b)

Figure 1.1: (a) New Jersey Pro le Drawing(cm) [9] and (b) Real model of the New Jersey
Barrier [24].

1.2.2. Double-Faced Barrier

Double-faced barriers have dual-sided tra c control, typically employed where median
crossovers need to be prevented ( gure 1.2). Double-faced barriers have symmetrical pro-
les, thereby facilitating directing of vehicles coming from either direction. The standard
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size and type of material used can be varied depending on regional speci cations and
individual uses [29].

(b)

Figure 1.2: (a) Double-Faced Barrier Drawing (cm)[9] and (b) Real model of the Double-
Faced Barrier [7].

1.3. Smoothed Particle Hydrodynamics (SPH)

SPH is a mesh-free, Lagrangian method for simulating uid dynamics, originally developed
for astrophysical simulations [12] [22]. Unlike grid-based methods, SPH represents uids
using particles that move with the uid ow. Each particle has properties such as mass,
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position, velocity, density and internal energy.

1.3.1. Basic Theory of SPH

SPH approximates uid quantities by interpolating over a discrete set of particles. This
approach is particularly advantageous for solving problems where traditional grid-based
methods encounter limitations. The objective of using interpolation in SPH is to estimate
continuous eld quantities, such as density, pressure, and velocity, based on local informa-
tion carried by surrounding particles. This technique enables SPH to solve the governing
equations of uid dynamics, including the Navier-Stokes equations, without relying on a
structured computational grid.

The method relies on two fundamental principles: the kernel approximation, which de nes
how information is weighted spatially, and the particle approximation, which translates
the continuous domain into a system of moving interpolation points. This mesh-free
formulation allows for natural handling of free surfaces, large deformations, and complex
boundary interactions.

SPH methods are especially appropriate for applications with large deformations of the
elements, where the classical methods based on meshes tend to be excessively distorted
and lose their precision. Under such conditions, the lack of a rigid grid in SPH avoids
numerical instabilities and allows the model to be robust at extreme conditions.

1.3.2. Kernel Approximation

For the case of this approximation, a functionf (x) is needed, wherex represents the
position vector of the point in space where you are trying to approximate the value of
a function, such as density, velocity, or pressure. Her&? denotes the transpose. This
function can be represented as an integral using a kernel functidv, as seen in equation
ref 1.1.

Z
f (x) f(xOW(x x%h)dx® (1.1)

whereW (x  x%h) is the smoothing kernel function, depending on the distance x°and
the smoothing lengthh. The kernel must satisfy normalization, positivity, and symmetry
properties [18].
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1.3.3. Particle Approximation

The integral representation is discretized as a summation over neighboring particles, as
shown in equation 1.2 for particle.

X m; Y-
f(x)) —Lf () )W(x;  x;;h); (1.2)
j=1

whereN is the number of particles within the support domain of particleé, and m; and
j are the mass and density of particlg¢, respectively [18].

1.3.4. Governing Equations and Discretization

SPH is used to solve the Navier-Stokes equations for conservation of mass and momentum,
the equations are transformed into their discrete particle forms using SPH interpolation.

The Navier-Stokes equations for mass and momentum conservation are discretized in SPH
form. For patrticle i, the momentum equation is 1.3.

P

J

+

. X .
i il ;W xh) (1.3)

whereP; and P; are pressures, and j is an arti cial viscosity term [12].

1.3.5. Kernel Functions

Given the need to rely on kernel functions to approximate eld variables in SPH, Equation
1.4 shows the commonly used cubic spline kernel, which helps to adapt changes in ow
and geometry, making it suitable for problems involving large deformations, free surfaces,
and interfaces [18].

8
£1 3R+ 3R% 0 R<
7
W (R;h) = ih?y 12 R)% 1 R< 2 (1.4)
- 0 R 2

kx  x%

r—. This kernel has compact support, limiting its in uence to a nite

whereR =

radius.
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1.4. The Discrete Element Method (DEM)

DEM models focus on particle trajectories and interactions, making it ideal for simulating

particulate processes, and it is a numerical technique primarily used to model granular
materials like sand and powders. It tracks the motion and interactions of particles, pro-
viding insights into both macro- and micro-scale behaviors of granular ows [8].

1.4.1. Basic Theory of DEM

The interaction between particles is de ned by contact forces decomposed into normal and
tangential forces. The normal contact force is calculated based on the normal sti ndss
and the overlap ,, between two particles, as shown in Equation 1.5. The tangential force,
which acts to resist sliding at the contact interface, depends on the tangential sti ness
and the relative tangential displacement, as expressed in Equation 1.6.

To ensure physical consistency, this tangential force is limited by the Coulomb friction
limit, which sets a maximum value proportional to the friction coe cient and the
corresponding normal force, as indicated in Equation 1.7.

Ft = kt t- (16)
jJFij Foa (1.7)

1.4.2. Equations of Motion

The motion of each particle in DEM is described by Newton's second law, accounting for
both translational and rotational dynamics. As shown in Equation 1.8, the translational
motion depends on the particle mass;, its velocity v;, and the sum of contact and
external forces acting on it. Rotational motion, on the other hand, is governed by the
particle's moment of inertial; and angular velocity! ;, as indicated in Equation 1.9.

dVi_X

m; E - I:contact + I:external: (18)
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d,;, X
I W = Teontact - (1.9)

1.4.3. Contact Detection

Contact detection is a critical and computationally intensive component of DEM simu-
lations. Accurate results in this eld depend on e ciently identifying when and where
particles interact, especially given the large number of simultaneous collisions typical in
granular material modeling.

1.4.4. Time Integration

DEM uses explicit time-stepping methods such as the central di erence method to update
particle velocities and positions. For each particle the velocity and position at time step
n+ 1 are updated using the relations shown in Equations 1.10 and 1.11:

ED
VREEERVIEE Fl t: (1.10)

xM = XM+ vt (1.112)

where xi' and v are the position and velocity of the particle at stepn, and t is the
time increment.

1.4.5. Damping and Energy Dissipation

Accurately capturing energy dissipation during particle interactions is crucial for realistic
simulations of granular materials such as sand or soil. In real-world collisions, not all
kinetic energy is conserved; some is lost due to internal friction, plastic deformation, or
heat. To model this behavior, DEM introduces damping forces that act during particle
contacts [8].

These damping forces are applied both in the normal direction (along the line connecting
two particles) and the tangential direction (parallel to the contact surface). This dual-
directional damping reduces the kinetic energy of the particles during collisions, preventing
unrealistic perpetual bouncing or sliding. This mechanism is essential for replicating real-
istic material behavior under dynamic loading, especially in processes involving repeated
impacts or dense patrticle interactions [18].
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1.5. ANSYS Approaches to Sand Modeling in LS-
DYNA

Since 2017, Ansys has organized several international LS-DYNA Users Conferences each
year and during these events, researchers and engineers present technical papers show-
casing various simulation methodologies and advancements. Among the contributions is
the evaluation of material models available in LS-DYNA, speci cally those applied to the
dynamic behavior of granular media such as sand. These models are assessed based on
their capability to replicate complex responses under high strain rates, pressure-dependent
deformation, and large-scale displacements. Each modeling approach provides unique ad-
vantages, with performance varying according to the type of deformation, sensitivity to

con ning pressure, and associated computational cost.

1.5.1. Blast Impact on Soil [6]

This report presents a comparison of three numerical techniques, which are Lagrangian,
SPH, and Multi-Material Arbitrary Lagrangian-Eulerian (MM-ALE), to model large de-
formations in soll, validated through a penetration test with a rigid pad. All approaches
employed theMAT_00%oil and foam material model.

The Lagrangian model was the fastest to compute but su ered from severe element distor-
tion near the loading pad, limiting penetration depth. SPH and MM-ALE both avoided
mesh distortion, enabling larger deformations, but at signi cantly higher computational
cost. SPH was used in two con gurations, the full SPH and a hybrid SPH reduced model,
where only the zone of interest used SPH particles.

For MM-ALE, additional care was required to prevent numerical leakage at the interface.
As shown in Figure 1.3, each method delivered distinct stress and deformation results,
with MM-ALE producing a nearly linear force-penetration response.
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(a) Deformations and Z stresses in Lagrange model
10.00 inches of penetration and 16.40 inches of penetration

(b) Deformations and Z stresses in SPH model
10.00 inches of penetration and 20.00 inches of penetration

(c) Deformations and Z stresses in MM-ALE model
10.00 inches of penetration and 20.00 inches of penetration

Figure 1.3: Comparison of deformation and Z-stress distribution: (a) Lagrange, (b) SPH,
and (c) MM-ALE models [6].
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A sensitivity analysis using LS-OPT revealed that the yield function parametes,, the soill
density, and the encasement sti ness signi cantly in uenced the outcome. Additionally,
the loading rate had minimal e ect in SPH simulations but impacted the Lagrangian
model due to mesh instability.

1.5.2. Strategies for Landmine Modeling [4]

Barsotti evaluated several strategies to simulate buried landmine detonations in sandy
soils. The methods tested were full ALE, SPH, and a hybrid ALE-SPH approach. The
ALE method, which models air and explosive gases as Eulerian uids, proved to be the
most accurate, particularly in capturing the expansion of the soil bubble and the impulse
transferred to target plates. However, it required a large mesh and careful treatment of
uid-structure interaction (FSI), which refers to the coupling between uid domains and
deformable solid bodies.

The paper was based on a three-spring compaction model for sandy soils that requires
only two input parameters, dry density and saturation level. This model was used consis-
tently across all methods and yielded accurate results without additional tuning. When
combined with ALE, it achieved impulse prediction errors below 3 %, showing strong
agreement with experimental data. Figure 1.4 illustrates the typical ALE result, high-
lighting the upward soil expansion caused by a shallow-buried charge at 8 cm depth.

SPH was better suited for modeling large soil deformations and avoiding mesh distortion,
but was more computationally demanding and prone to instability, especially at the air-
soil boundary. The hybrid approach aimed to combine the advantages of both methods
by modeling air and explosives with ALE and soil with SPH. Nonetheless, it su ered from
coupling instabilities and did not improve accuracy.
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(a) Stable SPH Air to Soil Particle Contact

(b) Unstable SPH Air to Soil Particle Contact Caused by Shooting Rogue Particles

Figure 1.4: SPH air-soil contact behavior in mine simulations: (a) Stable con guration
and (b) unstable behavior due to rogue patrticles.

1.5.3. Soil Material Model E ects in SPH Simulations [17]

The report by Kulak and Schwer investigates how di erent soil material models in uence
the outcomes of SPH simulations for soil-structure interaction (SSI) scenarios. The study
is motivated by the need to model large-scale deformation problems in civil engineering
applications, such as the response of underground infrastructure to vertical loads or the
e ects of erosion during oods.

Four LS-DYNA material models were evaluated:
" MAT_005 Soil and Crushable Foam,
" MAT_010 Elastic Plastic Hydro,

" MAT_025 Geological Cap,
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" MAT_079 Hysteretic Soil.

The study began by evaluating the hydrostatic compression response of each material
model against experimental data. ModelMAT_00%and MAT_01@losely matched the test
results, as they rely directly on hydrostatic input. In comparisonMAT_02%roduced a
noticeably sti er response, whileMAT_07%howed the softest behavior.

To assess how these di erences a ect practical outcomes, the authors simulated the pen-
etration of a rigid platen into sand using a hybrid Lagrangian SPH approach. The SPH
region was positioned beneath the platen to better capture large deformation e ects while
maintaining e ciency. As illustrated in Figure 1.5, model choice had a strong in uence
on predicted resistance. For exampleVIAT _02%equired a peak force of 5.5MN, whereas
MAT_00Beached only 2MN. These trends are consistent with the compression test results
and re ect each model's inherent sti ness characteristics.

Figure 1.5: Penetration force history foMAT002nd MATO025 SPH simulations [? ].

Stress paths of selected SPH elements were analyzed in stress-di erence versus pressure
space. ForMAT_025some elements brie y crossed the failure surface, likely due to the
lack of strain sub-incrementation, emphasizing the need for careful parameter calibration
when modeling nonlinear soil behavior. The study indicates that accurate SSI simulations
rely not only on selecting appropriate material and numerical models, but also on the
availability of site-speci c test data. Iterative calibration is, hence, often necessary to
ensure reliable results under conditions involving large deformations.

1.5.4. LS-DYNA Soil Modeling Benchmark [5]

This report evaluates the performance oMAT_SOIL_AND_F®#tMn an ALE framework
and compares it to SPH based simulations for modeling soil behavior under explosive
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loading. The main objective was to assess how accurately each approach captures soil
ejection and pressure wave propagation from a buried detonation, using experimental data
from the Ernst Mach Institute as a reference.

In the test setup, a cylindrical explosive charge was placed just beneath the soil surface,
enclosed in a Sonotube and surrounded by air. The ALE simulation employed a spherical
Eulerian mesh to represent the air and explosive products, while the SPH model used
particles for both the soil as well as the explosive. Figure 1.6 presents the soil deformation
and ejection captured by the ALE model shortly after detonation.

The results showed that the ALE formulation tended to underestimate the momentum
transferred to the surrounding ground by about 30%. This discrepancy is likely due to
numerical losses from advection or limitations in the coupling algorithm. On the other
hand, the SPH model achieved a better match with the experimental momentum data,
slightly overestimating the momentum transferred to the ground by approximately 14%
and 18%. In this case, overestimation means that the SPH model predicted more mo-
mentum transfer than was actually observed in the experiments. These results highlight
the ability of the SPH method to e ectively capture the complex dynamic responses of
the soil during explosion events.

Figure 1.6: (a) ALE simulation 0.68 ms after detonation (re ection XZ plane). (b) ALE
simulation 0.96 ms after detonation (re ection XZ and YZ planes).

1.5.5. Soil Behavior under Blast [23])

This study introduces a validated soil model for simulating buried mine explosions, em-
phasizing the in uence of moisture content on the behavior of sandy soils. The simulations
were performed using MAT_SOIL_CONCRE&terial type 78) within an ALE formula-
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tion. Key features of the model included volumetric strain behavior, moisture-dependent
compaction, and a pressure-sensitive yield criterion.

The explosive, surrounding air, and soil were all modeled within a single ALE mesh. Soil
response was based on a three-phase volume model that accounted for the interactions
between solid grains, water, and air. To maintain physical realism under high strain rates,
the model imposed a cap on theoretical compaction and incorporated realistic pressure-
density relationships across di erent saturation levels.

Validation was carried out by comparing simulated and experimental jump velocities of
steel plates. The simulation results showed excellent agreement, with errors typically
below 10%. These ndings highlight the critical role of accurate moisture and density
representation in soil when modeling explosive interactions.
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2 ‘ Methodology

This chapter outlines the methodological framework employed in the investigation. The
approach is structured to ensure a comprehensive, systematic, and replicable process, inte-
grating both theoretical and computational components to address the study's objectives.

The methodology is based on the principles of Bloom's Taxonomy, serving to de ne a
governance structure for the research objectives, with tasks ranging from knowledge ac-
quisition through literature review to the application and evaluation of advanced simula-
tion techniques. Each step is strategically designed to build upon the previous, fostering
a coherent and iterative development process.

The rst part concerns the de nition of research objectives within a conceptual taxonomic
map, followed by the selection and calibration of numerical methods suitable for mod-
eling the behavior of granular materials. Material properties, mesh con gurations, and
boundary conditions are carefully customized and validated against reference models to
ensure reliability and physical accuracy.

2.1. Structuring Research Objectives

In order to properly de ne the objectives of this research and to enhance both the spatial
organization and conceptual understanding of the main methodology, a taxonomy map is
proposed as the most e ective tool. This taxonomy map delineates the four principal aim
that guide the development and implementation of the study. Each of these objectives
represents a critical phase in the research process and contributes incrementally to the
achievement of the nal goal.

1. Review of Literature on Sand and Snow Behavior in Interaction with
Road Barriers State of the Art:
This initial objective covers an extensive and critical review of the existing literature
related to the behavior of granular materials such as sand and snow, particularly in
their interactions with various types of road barriers. This review serves to establish
a comprehensive theoretical framework, identify relevant empirical ndings, and
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highlight existing modeling approaches. Moreover, this phase lays the groundwork
for comparison between the outcomes of this study and the outcome of those found
in previous research.

. Analysis of Boundary Conditions and Numerical Methods for Sand/Snow

Impact:

The second objective focuses on the identi cation and de nition of appropriate
boundary conditions and numerical approaches required for the accurate simulation
of sand and snow interactions using LS-DYNA. This includes the determination of
material properties, impact dynamics, environmental factors, and initial and bound-
ary conditions that re ect realistic scenarios.

. Numerical Modeling of Sand and Snow Impact Using SPH and DEM

Methods:

This phase involves the construction and implementation of numerical models using
SPH and DEM. These methods are applied to simpli ed three-dimensional mod-
els representing the behavior OF granular materials impacting road barriers. The
objective is to evaluate the accuracy and e ectiveness of both SPH and DEM in
capturing the complex dynamics of particle-barrier interaction.

. Evaluation of the Computational E ciency and Practical Application of

SPH and DEM:

The nal objective consists of a comparative analysis of the computational perfor-
mance and practical viability of the SPH and DEM approaches when applied to
more complex models. This includes an assessment of simulation accuracy, time ef-
ciency, resource consumption, and potential for real-world implementation in civil
infrastructure design and safety assessments.
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Figure 2.1: Methodology Table

2.2. Approach of Modeling

The modeling process was developed through a sequence of incremental steps aimed at
progressively building numerical simulations capable of reproducing the physical behavior
of sand and snow accumulation. Initially, a review of suitable numerical methods led to
the selection of SPH and DEM, both of which are available in LS-DYNA. These methods
were individually tested on simpli ed models to calibrate material properties and validate
their ability to replicate characteristic granular behaviors, such as settling under gravity
and angle of repose formation.

The material parameters were carefully selected based on standard references and previ-
ous validation studies, minimizing the need for case-speci ¢ experimental calibration. For
computational e ciency, the models used rigid shell elements to represent barrier struc-
tures and ground surfaces, thus focusing the simulation complexity on particle dynamics
rather than structural deformations. Boundary conditions, damping controls, and injec-
tion strategies were adjusted to stabilize particle behavior and avoid unrealistic energy



24 2| Methodology

accumulations.

Mesh quality was monitored throughout the modeling stages, with particular attention
to element aspect ratios and Jacobian determinants to ensure numerical stability. The
initial validation models were used to ne-tune these parameters, after which the same
settings were applied to full-scale barrier simulations to maintain consistency.

Both SPH and DEM approaches were initially explored under identical conditions to allow
a direct comparison in terms of simulation behavior and computational demand. After
preliminary evaluations, DEM was adopted for the nal modeling phase, given its reduced
computational time and robust performance in particle-based simulations.

Once the numerical setup was stabilized, full-scale simulations were performed using real-
size geometries of road barriers, applying identical material and boundary conditions
in di erent cases. The simulations incorporated variable particle injection velocities to
represent di erent environmental scenarios, ensuring a comprehensive understanding of
the material accumulation behaviors.
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3 ‘ Results and Discussion

This chapter presents the results obtained from the numerical simulations using LS-
DYNA, with a focus on the dynamic behavior and accumulation patterns of sand particles
that interact with road safety barriers. The study involved the development and evalua-
tion of both SPH and DEM models, applied to simpli ed benchmark cases and real-scale
geometries representing widely used barrier types such as the New Jersey barrier and the
double-faced batrrier.

The results are discussed in terms of mesh quality, computational performance, and the
physical realism of the particle behavior. Validation was achieved through comparison
with the standardized material parameters outlined in the LS-DYNA Keyword User Man-
ual [2], as well as referencing external studies such as the Sand Dune Impact Simulation
developed for Jaguar and Land Rover vehicle durability testing [15]. These comparisons
ensured that the simulated repose angles, impact behavior, and sand accumulation zones
were within realistic and empirically validated ranges.

Initial assessments focus on the simplied validation model, where 2D shell elements
were used to reduce complexity and isolate core material behavior. This was followed by
simulation of full-scale barrier interactions, highlighting the di erences in performance,
particle deposition, and angle formation between the two geometries. Particular attention
is given to mesh quality analysis, including the distribution of aspect ratios and Jacobian
ratios, as these directly a ect convergence and solution stability, especially in simulations
involving large deformations and contact-based material ow.

The comparative performance of SPH and DEM approaches is also discussed, not only
in terms of accuracy but also regarding computational cost, setup complexity, and their
suitability for large-scale engineering applications. This aims to identify the most e ective
modeling strategy for simulating granular material buildup on road barriers, balancing
delity with practical feasibility.
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3.1. Modeling and Simpli cation of Sand Behavior in
DEM and SPH

3.1.1. Sand nal properties

Sand exhibits considerable variability in its composition, grain size distribution, and phys-
ical behavior, which can be further in uenced by environmental factors such as humidity
levels and compaction. These variables introduce complexity into numerical simulations,
often requiring extensive experimental calibration to ensure accurate representation.

This study adopts a standardized approach by utilizing material property de nitions pro-
vided in the LS-DYNA Keyword User's Manual, Version R15. These prede ned properties
o er a validated reference for the simulation of sand-like materials, eliminating the need
for case-speci ¢ material testing while ensuring that the results remain within a realistic
and reproducible range. By following this methodology, the accuracy of the simulations
Is balanced with practical feasibility in terms of time and resource constraints.

The material parameters selected for this research were obtained directly from the Report
Evaluation of LS-DYNA Soil Material Model 147 [25], and from the fundamental input
data for the soil behavior simulations performed here. Understanding the rationale behind
these parameters is essential, as the physical behavior of granular media such as sand and
gravel is highly sensitive to density, sti ness, and compaction characteristics, especially
in dynamic simulations.

Early LS-DYNA soil models used a density o2:35 10 ¢ kg=mm?, closely matching
the maximum dry density from Modi ed Proctor tests. Other sources report similar
values, like the U.S. Army Corps of Engineers (USACE) recording27 10 ® kg=mn?®
for compacted aggregates, while NCHRP Report 350 note2i114 10 ® kg=mn? for
strong soils in barrier crash testing. The FHWA considers densities betwe2®82 10 ©
and 2:242 10 °® kg=mn? to be realistic for LS-DYNA simulations, based on in situ tests
con rming their suitability for dynamic impact scenarios [25].

In addition to density, the bulk modulus (K) and shear modulus (G) are also critical.
While traditional references for sand and gravel mixtures propose sti ness values on the
order of K = 80:5MPa and G = 48:3MP a, these values tend to yield excessively sti
material responses when applied within the framework of the FHWA soil model used in
LS-DYNA. FHWA recommends signi cantly reduced values to better replicate observed
soil deformation and energy dissipation under load.
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Based on this guidance, values of approximatel = 3:25MPa and G = 1:3MPa have
been adopted in this study. These values provide a more realistic sti ness pro le for
the sand model and ensure better alignment with both physical test data and numerical
stability requirements. The selected material parameters used in the simulations are
summarized in the following table (Table 3.1).

Table 3.1: Sand Material PropertiesMAT_SOIL_AND_FOAM / MAT26D5

Property Value

Density t/mm 3 () 3235 10°
Bulk Modulus Mpa 3.25
Shear Modulus Mpa () 1.3
Yield Function Constant (ay) 0.87

3.2. Validation of the sand properties for SPH

As previously analyzed in earlier studies, the dynamic behavior of sand in computational
simulations presents several nontrivial challenges. Unlike conventional materials that
respond predictably under gravitational force alone, sand often demonstrates complex,
non-linear interactions, especially when modeled within the framework of high-energy
events. Sand is frequently used in blast mitigation applications due to its ability to ab-
sorb and dissipate energy from explosive devices. This characteristic introduces a coun-
terintuitive behavior when simulating sand under purely gravitational loading conditions,
where, instead of settling gradually into a stable con guration, the particles may exhibit
exaggerated dispersal or behave explosively, which is contrary to the intended behavior
in road barrier accumulation studies.

Initial simulations highlighted this limitation, showing that sand particles, instead of ac-
cumulating in a physically realistic manner, exhibited unpredictable behavior and failed to
replicate the natural repose angle typically observed in experimental conditions, as shown
in Figure 3.1. To address this issue, reference was made to existing literature, particularly
the work of Abdelrazek et al. [1], which emphasizes that, regardless of variations in the
sand composition, granular materials tend to settle at a natural angle of repose between
26° and 32 once kinetic energy has dissipated.
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(b)

Figure 3.1: (a) Initial SPH Simulation 0 ms before Impact (b) Initial SPH Simulation 1.2
ms after Impact.

Figure 3.2 presents the theoretical formulation used to approximate the repose angle,
while Figure 3.3 compares numerical results with real experimental observations. These
ndings are consistent with the formation of small sloped accumulations, or "mini-ramps”,

typically seen when granular media such as sand or snow are deposited onto at surfaces.

Figure 3.2: Particle approximation based on kernel function W in in uence domain
with radius kh (k=2) [1],[21].
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