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Résumé

L’érosion interne constitue I’'une des principales causes de défaillance des digues et des
barrages en terre, compromettant la sécurité des infrastructures et représentant un risque
pour les vies humaines et les biens. Cette thése analyse les mécanismes micromécaniques de
I’érosion interne dans les sols granulaires en combinant des expérimentations en laboratoire
et des modélisations numériques. L’accent est mis sur I'influence des conditions de charge
hydraulique, de la teneur de particules fines, de la porosité, de la pression de confinement
et de la texture du sol sur la migration des particules fines et ’évolution de la structure
granulaire.

Une série d’essais ont été menés afin d’étudier les effets du gradient hydraulique et de la
distribution granulométrique sur la migration des particules fines dans les sols granulaires.
Des techniques d’imagerie a haute résolution ont permis de caractériser les motifs d’érosion
a I’échelle des pores. Un critere de stabilité interne modifié, intégrant la porosité et la
gradation, est proposé pour mieux décrire les conditions de déclenchement de la migration.

Afin d’approfondir la compréhension des mécanismes d’érosion interne, et plus partic-
ulierement des migrations des particules fines dans les sols granulaires, un modele couplé
Méthode des Eléments Discrets et Maillage Fluide Dynamique (DEM & DFM) a été
développé et calibré sur la base des observations expérimentales. Ce modele reproduit
les interactions dynamiques entre les particules fines, les particules granulaires et le flu-
ide au cours du processus d’érosion interne, et permet d’analyser 'influence de parametres
hydrauliques et de microstructuraux tels que la porosité, le gradient hydraulique et le mou-
vement des particules sur la teneur en fines et la réorganisation de la structure granulaire.
Le modele est ensuite étendu pour considérer 'influence de la pression de confinement et
les différentes textures de sol.

Les résultats de cette recherche apportent une meilleure compréhension du mouvement
des particules fines dans les sols granulaires, et soutiennent le développement d’outils
numériques sous divers scénarios hydro-mécaniques pour 1’évaluation et la prévision de la

stabilité interne des structures géotechniques.

Mots-clés : Erosion interne, Remblais, Couplage DEM-DFM, Migration des partic-

ules fines, Gradient hydraulique, Pression de confinement






Abstract

Internal erosion is one of the main causes of failure in earth dikes and embankment
dams, threatening the safety of infrastructures and posing risks to human lives and prop-
erty. This thesis investigates the micromechanical mechanisms of internal erosion in granu-
lar soils through a combined approach of laboratory experiments and numerical modeling.
The focus is placed on the influence of hydraulic loading conditions, fine particle content,
porosity, confining pressure, and soil texture on the migration of fine particles and the
evolution of the granular structure.

A series of laboratory tests were conducted to examine the effects of hydraulic gradient
and particle size distribution on the migration of fine particles within granular soils. High-
resolution imaging techniques were employed to characterize erosion patterns at the pore
scale. A modified internal stability criterion, incorporating porosity and gradation, is
proposed to better describe the onset conditions of particle migration.

To deepen the understanding of internal erosion mechanisms, particularly the migra-
tion of fine particles in granular soils, a coupled Discrete Element Method and Dynamic
Fluid Mesh (DEM & DFM) model was developed and calibrated based on experimen-
tal observations. This model reproduces the dynamic interactions between fine particles,
granular particles, and the fluid during internal erosion, allowing the analysis of the in-
fluence of hydraulic and microstructural parameters such as porosity, hydraulic gradient,
and particle motion on the fine content and the reorganization of the granular structure.
The model is further extended to consider the influence of confining pressure and various
soil textures.

The results of this research provide an improved understanding of fine particle mi-
gration in granular soils, and support the development of numerical tools under various
hydro-mechanical scenarios for assessing and predicting the internal stability of geotech-
nical structures.

Keywords: Internal erosion, Embankments, DEM-DFM coupling, Fine particle mi-

gration, Hydraulic gradient, Confining pressure
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Chapter 1

The migration of fine particles in

granular soils: State of the Art

1 Introduction

As extreme climate events become more frequent and intense, the risks of flooding
are increasing worldwide. Rising temperatures, changing rainfall patterns, and sea level
rise contribute to more severe and unpredictable flood scenarios. In this context, flood
protection infrastructures such as embankments face growing challenges, particularly in
low-lying and riverine regions. Meanwhile, the global shift toward renewable energy and
the expansion of related projects near rivers and coasts further heighten the need for
resilient and adaptable flood defenses.

Embankments, often built with natural soils for economic and practical reasons, are
vulnerable to gradual degradation over time (Figure I .1). Among the various degradation
processes, the migration of fine particles within granular soils plays a critical role in altering
the internal structure of these materials, which in turn affects their permeability and
mechanical stability. This process is governed by the interaction between hydraulic flow
and soil skeleton deformation, involving complex hydro-mechanical coupling mechanisms.
Despite extensive research, the fundamental understanding of these coupled processes and
their implications for soil behavior remains limited.

This chapter provides an overview of the motivation and context for studying the mi-
gration of fine particles in granular soils under hydro-mechanical coupling. It begins by
describing the microstructural characteristics of embankment fill materials and their rele-
vance to particle migration. Next, key experimental studies that investigate the initiation

and evolution of fine particle movement are reviewed. The chapter then introduces nu-
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merical modeling approaches that capture the coupled fluid—solid interactions governing
these processes. Finally, the influence of factors such as soil gradation, porosity, and load-
ing conditions is discussed, establishing the foundation for the numerical investigations

presented in the following chapters.

Figure I .1: Embankment degradation caused by fine particle migration (Irons et al.,
2014)

2 Characteristics of embankment fill materials

2.1 Microstructure of embankment fill materials

The microstructure of embankment fill materials plays a crucial role in determining
their macroscopic properties, such as shear strength, permeability, compressibility, and
overall service life. In embankment construction, the fill materials are typically composed
of natural resources, such as soil, gravel, and crushed stone, though industrial by-products
like fly ash and slag may also be used (Figure I .2(a)) (Divya Jyothi and Ramya Krishna,
2021; El Mountassir et al., 2014). Upon scanning, these materials can be categorized as
a binary mixture of coarse and fine particles (Figure I .2(b)). Coarse and fine particles
possess distinct engineering properties that influence the overall performance of the fill
material. Embankments constructed using well-graded soil, for instance, exhibit enhanced
seismic resistance (Jiang et al., 2015). By optimizing the proportion and combination of
materials, the performance of the embankment, such as its stability and durability, can be

significantly improved.
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(a) (b)

Figure I .2: Composition of embankment fill material: (a) Composition of substances
that may be contained in the embankment fill material (Department of Jobs, 2024); (b)
Coarse and fine particles in the embankment fill material (Nguyen et al., 2019)

2.1.1 Particle morphology and distribution

The morphology of particles in embankment fill materials is a fundamental aspect of
their microstructure. The size, shape, and distribution of these particles directly influence
the packing arrangement of the material, which in turn affects its porosity and density
(Xing et al., 2021). For example, particles in gravel and crushed stone typically exhibit
irregular shapes, leading to fewer contact points between particles and the formation
of larger voids (Figure I .3). In contrast, finer particles such as clay and silt possess
higher specific surface areas and greater adhesive properties, enabling them to fill the

gaps between larger particles, which reduces the overall porosity of the material.

Figure I .3: Comparison of porosity of soils composed of coarser particles and finer

particles, respectively (Rahman, 2018)
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Moreover, the heterogeneity in particle shapes significantly influences the material's
strength (Yang and Luo, 2015; Zou et al., 2023). Angular particles generally exhibit
higher frictional resistance, which enables them to better withstand shear failure under
applied forces (Gong et al., 2024). In contrast, although rounded particles can pack more
densely (Figure I .4), the lower sliding friction between them increases their susceptibility

to displacement and failure during shear stress.

(a) (b)

Figure I .4: Angular particles and rounded particles: (a) Angular particles; (b) Rounded
particles (Panchuk, 2019)

2.1.2 Interactions between particles

In the microstructure of fill materials, particle interactions are governed by mechanical
contact forces, adhesion forces, and electrostatic forces (Figure I .5). The mechanical
contact between coarse particles mainly determines the skeleton structure of the material,
while fine particles contribute to the material's overall stability through adhesion and filling
effects (Taha et al., 2019). These various interactions between particles enable the fill
material to effectively disperse external stresses, preventing localized stress concentrations

and thereby enhancing the embankment's bearing capacity.

2.1.3 Microstructural changes during the infiltration process

Water infiltration has a profound impact on the microstructure of embankment fill
materials. As water permeates the material, fine particles may migrate with the flow,
altering the internal distribution of particles (Figure I .6). The loss of these fine particles
increases the porosity of the material, which in turn raises its permeability. This increased
permeability may lead to local instabilities or even collapse of the embankment.

Moreover, water infiltration can trigger chemical reactions or cause particle surface
expansion, further influencing the mechanical properties of the fill material (Chang et al.,

2022). For instance, in clay-based fill materials, water infiltration can lead to the formation
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Figure I .5: Schematic of particle interaction mechanisms in granular fill materials (Fang
et al., 2024)

of water films on particle surfaces, reducing friction between particles and making the

material more susceptible to shear failure under applied stress.

Figure I .6: Mesoscopic fabric illustration to compare the change in pore channels induced
by fine particle loss in: (a) Soil in which fine particles under-fill the inter-granular pores;

(b) Soil in which fine particles precisely-fill the inter-granular pores (Deng et al., 2023c)

2.2 Overview of fine particle migration mechanisms and development

processes

Fine particle migration in granular soils is a key process governing seepage-induced

instability. Depending on hydraulic and structural conditions, several migration patterns
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can be identified, including backward erosion, concentrated leak erosion, contact erosion,
and suffusion (Figure I .7) (Bonelli et al., 2013).

Backward erosion (Zheng et al., 2022) occurs when seepage flow initiates from the
downstream side and progresses upstream, removing fine particles and forming retrogres-
sive channels, commonly observed at the base of embankments. Concentrated leak erosion
(Chen et al., 2021b) develops in localized weak zones where hydraulic gradients intensify,
leading to focused fine particle removal. Contact erosion (Guo et al., 2023) takes place at
the interface between materials of contrasting grain sizes, where fine particles are detached
and transported through coarser frameworks, causing progressive interface degradation.
Suffusion (Nguyen et al., 2019) involves the selective migration of fine particles through
the pore network formed by the coarse skeleton, modifying the pore structure and weak-
ening the soil’s mechanical integrity. These migration modes may coexist and interact,
contributing collectively to the onset and progression of hydro-mechanical instability in

granular soils.

Figure I .7: Micro-view of internal erosion development process: (a) Backward erosion;

(b) Concentrated leakage erosion; (c) Contact erosion; (d) Suffusion (Sharp et al., 2013)

The migration of fine particles typically evolves progressively. As seepage intensifies,
hydraulic forces mobilize fines within the soil matrix, forming local voids and disrupting
the granular skeleton (Figure I .8). With continued particle loss, preferential flow paths
develop and expand, enhancing permeability and accelerating local instability. Eventually,

these flow channels may connect to form continuous conduits, increasing seepage veloc-
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ity and triggering large-scale deformation or failure. This sequence represents a gradual
transition from localized particle detachment to macroscopic structural instability under

coupled hydro-mechanical effects.

Figure I .8: Particle movement processes where internal erosion occurs

3 Experimental observations of fine particle migration

Experimental studies are fundamental to understanding fine particle migration and
its coupling with hydraulic and mechanical responses. Laboratory investigations enable
direct observation of particle detachment, transport, and deposition processes, as well as
associated changes in porosity, permeability, and strength. These findings provide critical
insights into the mechanisms governing soil stability, support the validation of numerical
models, and guide the design of erosion-resistant materials and structures. Therefore,
experimental research remains indispensable for characterizing fine particle migration and

assessing its implications for geotechnical safety and performance.

3.1 Permeability and piping tests

As early as the 19th century, the design and construction of embankments were already
well established; however, the underlying causes of many failures remained poorly under-

stood. It was not until the catastrophic failure of the South Fork Dam in Pennsylvania,
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USA, in 1889 (Figure I .9) that engineers and researchers began to recognize the signif-
icance of seepage-induced fine particle migration and its potential role in the progressive
deterioration of earth structures. Early investigations focused mainly on permeability and
piping tests (Richards and Reddy, 2007), aiming to explore how water flow through soil

could initiate the movement of fines and lead to internal instability.

Figure I .9: South Fork Dam Failure in Wisconsin, USA (American Society of Civil
Engineers, 1891)

The earliest permeability experiments directed flowing water through soil specimens
under controlled hydraulic gradients to examine variations in permeability, deformation,
and the soil’s capacity to transmit fine particles (Fraser, 1935; Hendrickson, 1934). These
studies provided the first insights into how hydraulic flow interacts with the soil’s inter-
nal structure. Subsequent piping tests were developed to observe how continuous fine
particle migration could gradually form preferential flow channels—often referred to as
“pipes”—that compromise the mechanical integrity of the soil mass (Gilboy, 1933; Knap-
pen and Philippe, 1936; Stearns et al., 1902). Together, these pioneering experiments laid
the foundation for understanding seepage-driven particle transport and its crucial role in

the long-term stability of embankments and other earth structures.

Despite limitations in early testing equipment, these studies made significant contri-
butions to the development of soil mechanics and seepage theory. Over time, researchers
recognized that water flowing through soil (seepage) can mobilize fine particles, gradually
weakening the soil structure and causing hidden internal damage in embankments and
dams (Beggs et al., 1938; Buchanan, 1938; Chowdhury, 1948; Terzaghi, 1939). This phe-
nomenon of fine particle migration often remains undetected until structural deterioration

or failure has already begun.
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3.2 Refined testing

As the theory of soil mechanics advanced, experimental methods became increasingly
precise, giving rise to more controlled geotechnical investigations. Standardized perme-
ability tests were developed, with rigorous controls over sample preparation and hydraulic
conditions. Researchers began to examine the role of soil microstructure and particle com-
position in fine particle migration, integrating these observations into mechanical models
for analysis (Bendahmane et al., 2008; Fell et al., 2003).

Subsequent experiments carefully controlled parameters such as sample density, parti-
cle gradation, water pressure, and hydraulic gradient to investigate fine particle migration
under diverse soil conditions. During this period, testing methods became more refined,
allowing researchers to differentiate between various modes of particle transport. The in-
corporation of pore water pressure sensors enabled real-time monitoring of internal pres-
sures, providing insight into the coupled interactions between seepage flow and particle
detachment (Zhang et al., 2019).

Geotechnical centrifuge testing was increasingly applied to study fine particle migration
in soils (Figure I .10). By using centrifugal forces to replicate gravitational stresses in
large-scale systems, researchers could investigate particle movement mechanisms under
conditions closer to real-world engineering scenarios. Centrifuge experiments generated
data that more accurately reflected field-scale behavior, supporting a deeper understanding

of how seepage-induced particle migration affects soil stability.

Figure I .10: Centrifuge test setup for studying fine particle migration in granular soils
(Chang et al., 2012)
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3.3 High-precision monitoring techniques and multiscale research

Contemporary research on fine particle migration in granular soils is increasingly mov-
ing toward high-precision, multidimensional investigations. Advances in laboratory equip-
ment and monitoring technologies now allow researchers to characterize particle migration
processes across multiple scales with unprecedented accuracy.

A key development is the application of X-ray computed tomography (CT) scanning
(Figure I .11), which enables real-time visualization of microstructural changes during
particle migration. CT scans allow detailed observation of fine particle detachment, pore
network evolution, and localized structural weakening within the soil matrix. This non-
destructive technique provides critical insights into the internal mechanisms driving par-

ticle transport and structural degradation (Nguyen et al., 2019).

Figure I .11: Set-up of the suffusion cell inside the X-ray chamber (Nguyen et al., 2019)

In addition, microscopes and high-resolution cameras are employed to track particle
interactions and fine particle loss in detail (Figure I .12). By integrating these tools with
digital image analysis techniques, particle migration trajectories and local erosion rates
can be quantified with high precision.

The miniaturization and enhanced accuracy of sensors now enable real-time monitor-
ing of multiple parameters, including temperature, humidity, pressure, and displacement.
Such continuous measurements provide valuable insight into the dynamic characteristics
of particle migration under coupled hydro-mechanical conditions.

Modern experimental research thus integrates multiscale approaches, spanning from
the particle scale to the macroscopic soil structure. Through combined experimental and
numerical investigations, researchers can comprehensively study particle interactions, pore
structure evolution, and localized stress redistribution during seepage-driven migration.

Although the critical influence of hydraulic gradient on fine particle migration is well
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(a) (b) (c) ()

Figure I .12: Microscopic observation of particle migration for granular soils with vary-
ing fine particle contents: (a) No filling; (b) 15% filling; (c) 20% filling; (d) 25% filling
(Prasomsri et al., 2021)

established, systematic studies quantifying the effects of other physical parameters—such
as soil uniformity, porosity, and particle size distribution—remain limited. In particular,
controlled experiments assessing the combined impact of these factors are scarce, restrict-
ing a thorough understanding of particle migration processes under coupled fluid-particle

interactions.

4 Numerical simulation methods for fine particle migration

The study of fine particle migration in granular soils involves complex hydro-mechanical
processes. While experimental investigations are essential for understanding these mech-
anisms, they face limitations, particularly at the microscale. Consequently, numerical
simulations have become a valuable complementary tool, enabling dynamic visualization
of particle transport and reducing the time and cost associated with parametric studies.
However, simple fluid models alone cannot fully capture the coupled interactions between
soil particles and fluids. To address this, fluid-solid coupling methods have been developed
(Figure I .13), which simultaneously simulate fluid seepage and the stress, deformation,
and migration of soil particles, revealing the bidirectional effects between fluid and solid
phases.

Because fine particle migration occurs in granular media, the Discrete Element Method
(DEM) offers significant advantages for simulating such processes. DEM can accurately
model collisions, friction, and interactions between individual particles, providing detailed
dynamic depictions of particle movement at the microscale. When integrated with fluid-
solid coupling, DEM enables more precise simulations of particle transport under seepage
and stress. Based on this approach, several fluid-particle coupling frameworks have been
developed, including PNM-DEM, CFD-DEM, LBM-DEM, and SPH-DEM models (Fig-
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Figure I .13: Schematic of fluid-solid coupling methods for particle-fluid interaction

ure [ .14). These models facilitate comprehensive multiscale and multiphysics simulations

of fine particle migration in granular soils.

4.1 PNM-DEM model

The PNM-DEM model integrates the Pore Network Model (PNM), which simulates
seepage behavior in soil, with the Discrete Element Method (DEM), which captures par-
ticle movement and interactions. This coupling provides a powerful tool for detailed sim-
ulation of fine particle migration in granular soils (Li et al., 2021; Wu et al., 2021). The
model employs triangulation techniques to construct fluid grids, assuming that adjacent
grids are connected through pores, enabling fluid exchange between them (Figure I .15).

Existing studies have shown that the PNM-DEM model can accurately simulate par-
ticle migration mechanisms across different soil types and pore structures (Sufian et al.,
2019a; Zhu et al., 2023). The model is particularly effective for studying the scouring and
transport of fine particles by fluid flow. Researchers have used the PNM-DEM framework
to systematically investigate the effects of factors such as flow rate, hydraulic gradient,
particle size, and particle shape on the initiation and evolution of fine particle migration
(Frishfelds et al., 2011; Knight, 2018; Zhang et al., 2020).

These studies demonstrate how the progressive migration of fine particles alters the

mechanical properties of the soil, potentially leading to localized structural weakening.
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Figure I .14: Numerical methods for internal erosion in embankments: (a) PNM-DEM
method; (b) CFD-DEM method; (¢) LBM-DEM method; (d) SPH-DEM method (Wang
et al., 2021)

Figure I .15: PNM-DEM method: (a) Schematic illustration of discretization of the pore
space using the weighted Delaunay triangulation and an example of two connected pore;
(b) schematic illustration of the network with pores and pore connections (throats); (c)
2D schematic illustration of the PNM (Morimoto et al., 2024)

The PNM-DEM model has been partially validated against laboratory experiments, suc-

cessfully simulating porosity changes and failure modes during localized particle transport
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in embankments. The Dynamic Fluid Method (DFM), derived from Wu et al. (2020),
further supports these findings.

In multiphase fluid environments, the PNM-DEM model offers a distinct advantage
over traditional soil mechanics models, which often cannot simultaneously capture complex
water—particle interactions. By incorporating the microscopic structure of porous media,
the model represents the full process of particle detachment, migration, and redeposition
(Sufian et al., 2019b).

This capability is crucial for understanding how fine particles gradually detach from the
soil skeleton, how seepage modifies pore structures, and how localized weakening occurs in
embankments under hydraulic loading (Xia et al., 2024). The PNM-DEM model has also
been applied to study particle migration in various material combinations and geological
conditions, including heterogeneous and fine-grained soils, enabling a more comprehensive

analysis of complex soil-fluid interactions.

4.2 CFD-DEM model

The CFD-DEM (Computational Fluid Dynamics—Discrete Element Method) model
simultaneously calculates fluid flow characteristics and particle mechanical motion. This
approach enables detailed investigation of fine particle migration, the evolution of pore
structures, and changes in local stress distribution during seepage-induced soil degradation
(Gu et al., 2019; Liu et al., 2024b).

Previous studies have successfully employed the CEFD-DEM model to replicate the full
process of fine particle transport, the progressive formation of preferential flow paths, and
subsequent soil instability (Wang et al., 2020; Yang et al., 2019b; Zhou et al., 2020a). The
model can simulate the dynamic interaction of fluid and particles in soils with varying
grain sizes, illustrating how particles are detached from pores under hydraulic forces and
how migration pathways develop under different hydraulic gradients (Xiong et al., 2023;
Yin et al., 2021; Zou et al., 2020).

In recent years, the CFD-DEM model has been widely applied to simulate various mi-
gration patterns, including backward erosion, concentrated leakage, and contact-induced
particle transport (Cao et al., 2022). By coupling flow velocity fields, pressure distribu-
tions, and particle motion (Figure I .16), the model provides a scientific basis for identifying
vulnerable zones in embankments and dams and supports the development of predictive
models for particle migration-related instability. Furthermore, CFD-DEM has been used
to evaluate how variations in particle size distribution, material composition, and hydraulic

parameters at the embankment scale influence the rate and extent of particle transport,
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Figure I .16: Interaction between fine particles migration and fluid flow at the (a) initial
time and (b) end of the simulation for the sample with FC = 15% and (c) initial time and
(d) end of the simulation for the sample with FC' = 35% under i = 0.25 and C' = 30 g/L
(Liu et al., 2021)

offering insights for erosion mitigation and disaster prevention (Figure I .17).

Figure I .17: CFD-DEM simulation of fine particle migration at the embankment scale
(Xiao and Wang, 2020)

4.3 LBM-DEM model

The LBM-DEM (Lattice Boltzmann Method-Discrete Element Method) model has
demonstrated significant potential for studying fine particle migration, particularly in

capturing microscale particle-fluid interactions (Cui et al., 2021; Wang et al., 2016). By
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combining the precise simulation of fluid dynamics provided by LBM with the mechanical
representation of particle motion in DEM, the model effectively describes the entire process
of particle detachment, pore structure evolution, and stress redistribution during seepage-
driven particle migration (Figure I .18).

Using LBM, fluid flow in complex porous media can be simulated, while DEM tracks
particle trajectories and mechanical responses. This combination provides detailed insights
into migration mechanisms under different hydraulic conditions (Wang et al., 2017). For
example, the LBM-DEM model can simulate how fluid mobilizes fine particles from pores,
illustrating the progressive formation of preferential flow paths and the resulting localized

weakening under hydraulic forces (Zhou et al., 2021).

Figure I .18: LBM-DEM model describing fine particle detachment, pore structure

evolution, and stress redistribution during particle migration (Zhou et al., 2020a)

In addition, the LBM-DEM model has advanced the study of permeability and porosity
evolution (Ibrahim and Meguid, 2023). Researchers can monitor in real time how fine
particle detachment alters pore structures and affects soil hydraulic properties (Figure I
.19).  The model is particularly useful for examining the scouring effects of water on
particles of different sizes, revealing the coupled interactions between fluid flow and soil
microstructure (Harshani et al., 2015). These studies improve understanding of how fluid-
particle interactions influence soil strength and stability, providing numerical tools to
evaluate the resistance of various soil types to particle migration.

In recent years, LBM-DEM has also been applied to simulate different particle migra-
tion scenarios, such as backward migration and contact-induced particle transport, further
broadening its applicability (Scheuermann et al., 2019; Tran et al., 2017). Notably, the
model can accurately capture the critical hydraulic gradient that triggers fine particle
movement by coupling fluid pressure, velocity fields, and particle dynamics (Abdelhamid
and El Shamy, 2016).
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Figure I .19: Snapshots of a simulation of fine particle migration (at ¢ = 0.7, 13.3,
and 55.0 s from top to bottom). The colour scale represents the fluid velocity, while the

translation velocity of solid particles is indicated by arrows (Sibille et al., 2016)

4.4 SPH-DEM model

The SPH-DEM (Smoothed Particle Hydrodynamics—Discrete Element Method) model
has shown promising potential for studying fine particle migration, particularly in captur-
ing complex interactions between fluids and particles (Ma et al., 2022). The model employs
SPH to simulate fluid motion, representing the nonlinear behavior of fluids through parti-
cle interactions, while DEM describes the mechanical responses of solid particles (Bui and
Nguyen, 2017; Mao et al., 2022).

The SPH-DEM framework can effectively simulate fine particle detachment, energy
exchange between fluid and particles, and pore structure evolution during seepage-driven
particle transport (Figure I .20). For example, Rao and Bai (2020) successfully applied
this model to replicate the migration of fine particles under water flow, leading to the
formation of localized voids within the soil matrix. These results provide valuable insights
into the microscopic mechanisms of particle migration and the development of preferential
flow paths under different hydraulic conditions.

The SPH-DEM model has also enabled detailed analysis of seepage behavior under
various soil conditions. By accurately simulating fluid flow through granular media, re-
searchers can evaluate how particle composition and hydraulic gradients influence particle
migration, revealing pathways of transport and the development of flow channels (Feng
et al., 2024). This capability enhances understanding of fluid-particle interactions and
provides a valuable tool for assessing the resistance of soil structures to particle loss. In
recent years, SPH-DEM has been applied under complex boundary conditions (Su et al.,
2024; Zhang et al., 2023b), such as in designing erosion-resistant embankments and reser-
voirs, supporting the development of protective measures against fine particle migration.

Despite these advances, current numerical approaches for simulating fine particle mi-
gration in non-uniform soils still face challenges. Accurately capturing localized fluid-

solid coupling, the dynamic transition between clogging and particle detachment, and the
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Figure I .20: Typical SPH-DEM predicted pressure field: (a) pipe flow on 1:1 scale; (b)
enlarged pressure field around particle A; and (c) enlarged pressure field around particle
B; Cs = 10 vol. %; Py, Py, P3, and P4 indicate local fluid pressure (Lian et al., 2023)

real-time evolution of pore structures under unstable seepage conditions remains difficult,

highlighting the need for further model refinement.

5 Contributions of various factors to fine particle migration

5.1 The influence of hydraulic gradient

The hydraulic gradient is a critical factor governing fine particle migration, acting as
the primary driving force for fluid flow through soil. Variations in the gradient directly
affect the flow velocity and the hydrodynamic forces acting on soil particles, thereby
controlling particle detachment and transport (Benamar et al., 2019). The magnitude of
the hydraulic gradient determines the pressure difference and seepage intensity, which in
turn influence the rate and extent of particle movement. Similarly, the direction of the
gradient dictates the orientation of the applied forces, affecting where and how particles
migrate. Therefore, evaluating both the magnitude and direction of the hydraulic gradient
is essential for a comprehensive understanding of how seepage drives fine particle migration

in granular soils.
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5.1.1 Impact of hydraulic gradient magnitude

The magnitude of the hydraulic gradient directly influences the drag and shear forces
exerted by the fluid on soil particles. As the gradient increases, seepage intensifies (Figure
I .21), allowing the fluid to apply greater shear and drag forces, which makes particles
more likely to be transported or eroded (Luo and Kong, 2016; Nguyen and Indraratna,
2020). In such cases, particle stability within the soil decreases, and the erosion rate
increases significantly. In regions with high hydraulic gradients, the speed and volume
of particle migration increase, which can even trigger localized instability within the soil
structure (Rochim et al., 2017). For example, studies conducted by Chen et al. (2024)
showed that under high hydraulic gradient conditions, the loss of soil particles becomes
more pronounced, leading to greater erosion-induced structural instability and a significant

reduction in overall stability.

Figure I .21: Erosion mass increases with increasing hydraulic gradient: (a) For a chang-
ing (increasing) hydraulic gradient (Choe et al., 2024); (b) For a constant hydraulic gra-
dient (Gu et al., 2019)

Conversely, under low hydraulic gradients, the seepage effect is weak, and particles tend
to remain stable, with little observable erosion. Experimental studies have demonstrated
that when the hydraulic gradient is low, the shear force generated by the flow is insufficient
to transport particles, resulting in minimal erosion. The research by Mu et al. (2023)
supports this, showing that when the hydraulic gradient falls below a certain threshold,
the water flow's erosive effect on the soil is negligible, and most particles remain in place
(Figure I .22).

However, it must be acknowledged that internal erosion varies under cyclic hydraulic
gradients. Research has shown that under the same average hydraulic gradient level, the

reversal of the hydraulic gradient leads to more severe erosion. also confirmed this in
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Figure I .22: The mass of cumulative eroded particles changes (30% fines content): The
hydraulic gradient is very small (i = 2), the erosion rate is very small and almost no

erosion occurs (Mu et al., 2023)

follow-up studies. This finding, to some extent, fills a gap in the existing knowledge.
However, it should be noted that internal erosion behaves differently under cyclic
hydraulic gradients. Research has shown that even at the same average hydraulic gradient
level, reversing the direction of the gradient can lead to more severe erosion (Xu et al.,
2022). Chen and Zhang (2023) confirmed this in follow-up studies (Figure I .23). This

discovery fills a gap in existing knowledge to some extent.

Figure I .23: Cumulative eroded soil mass with changing hydraulic gradient during the

cyclic internal erosion test (Chen and Zhang, 2023)

The critical hydraulic gradient refers to the minimum hydraulic gradient at which
particle loss begins, and it has garnered significant academic attention. When the hydraulic

gradient is below the critical value, the forces generated by the flow are insufficient to
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overcome the adhesive, frictional, and gravitational forces between particles, maintaining
the stability of the soil structure (Bai et al., 2024; Liang et al., 2017). However, when
the hydraulic gradient exceeds this threshold, the shear and buoyant forces exerted by the
flow can dislodge fine particles, causing them to migrate downstream and initiate internal
erosion (Xie et al., 2018). Research by Cheng et al. (2021) using numerical simulations
and experimental tests revealed that the critical hydraulic gradient is closely related to
soil properties (Figure I .24). For instance, soils with higher fine particle content tend to
have a lower critical hydraulic gradient, making them more susceptible to erosion even

under minimal seepage conditions (Liang et al., 2017).

Figure I .24: Correlation between critical hydraulic gradient and soil characteristics:
(a) critical hydraulic gradient versus particle diameter, where apha is the angle in the
direction of the hydraulic gradient; (b) is the relationship between the hydraulic gradient
and pore diameter (Indraratna and Radampola, 2002)

Furthermore, the interaction between confining pressure and hydraulic gradient also
plays a crucial role in internal erosion. Studies indicate that while high confining pressure
can suppress particle movement, erosion remains inevitable once the hydraulic gradient
surpasses a certain level (Chen and Zhang, 2023). Research by Zhou et al. (2022) found
that even under significant confining pressure, the energy of water flow at high hydraulic
gradients can still cause particle loss within the soil. Therefore, in practical engineering
applications, controlling the hydraulic gradient to prevent it from exceeding the critical

value is one of the key strategies to mitigate internal erosion.
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5.1.2 Influence of hydraulic gradient direction

The direction of the hydraulic gradient is a critical factor controlling fine particle
migration. The gradient direction determines the flow paths of water through the soil,
directly influencing the trajectories and patterns of particle transport (Marot et al., 2020;
Pachideh and Mir Mohammad Hosseini, 2019).

Simulating inclined seepage in laboratory experiments remains challenging. Conse-
quently, most studies focus on vertical seepage, where flow aligns with gravity, such as
upward or downward seepage, often neglecting the effects of inclined flow. Migration
behavior under inclined seepage may differ from vertical seepage because the resistance

forces are no longer aligned with gravity (Ahlinhan and Adjovi, 2019; Li et al., 2023a).

Generally, particle migration rates increase as the seepage direction approaches ver-
tical (Figure I .25). Numerical simulations indicate that when the hydraulic gradient
interacts with soil heterogeneity, flow can concentrate along specific weak paths (Xiong
et al., 2021b). The resulting localized increase in hydraulic gradient can enhance particle
detachment and transport in certain areas, potentially leading to localized weakening or
structural instability. Therefore, both the magnitude and direction of the hydraulic gra-
dient not only control the intensity of particle migration but also determine its spatial

distribution and development patterns (Zhou et al., 2020b).

Figure I .25: The influence of seepage direction on cumulative erosion quality and critical
hydraulic gradient: (a) The relationship between seepage angle and cumulative erosion
quality; (b) The relationship between seepage angle and critical hydraulic gradient (Liang
et al., 2020)
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5.2 Influence of soil properties

Soil physical properties play a decisive role in fine particle migration, affecting fluid
flow paths, particle stability, and the rate and patterns of particle transport. Different
soil characteristics—such as initial porosity, particle size distribution, and fine particle
content—exhibit varying sensitivities to particle detachment and migration, thereby in-

fluencing the evolution of soil structure under seepage.

5.2.1 Impact of initial porosity

Initial porosity quantifies the void space within soil and directly influences the for-
mation of preferential flow paths and fluid velocity, thereby controlling the migration of
fine particles. Recent studies have examined how porosity affects particle detachment
and transport (Yang et al., 2019a). For example, Liu et al. (2018) found that higher
porosity promotes the development of more flow channels, reducing resistance to fluid
movement and accelerating fine particle migration (Figure I .26). Similarly, Liang et al.
(2024) reported that soils with higher porosity exhibit faster rates of particle transport

under seepage conditions.

Figure I .26: Influence of initial porosity on fine particle migration: (a) normalized
cumulative particle transport in gap-graded soil under different intra-particle porosity;

(b) average fluid velocity during simulation (Wang et al., 2022a)

Porosity also affects the post-migration stability of the soil structure. Soils with high
porosity that undergo significant particle loss experience a substantial reduction in load-
bearing capacity, increasing the risk of local collapse or structural instability (Bedja et al.,
2022). Conversely, low-porosity soils feature fewer flow paths, limiting fluid movement and

enhancing particle stability, which reduces the extent of particle transport (Mao et al.,
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2023). Changes in porosity during particle migration can further influence structural
integrity, especially in high-porosity soils experiencing severe particle detachment, poten-
tially leading to localized collapse or broader structural failure.

Overall, initial porosity plays a dual role in controlling fine particle migration and
maintaining post-migration soil stability. Studies consistently indicate that lower porosity
can mitigate the rate of particle transport and enhance the structural resilience of granular

soils under hydraulic loading.

5.2.2 Impact of particle size distribution

Particle size distribution, which describes the range and proportion of particle sizes
within soil, strongly influences fluid flow paths, particle stability, and the migration of fine
particles (Figure I .27) (Hicher et al., 2018; Liu et al., 2024a). Numerous studies have
explored how particle size distribution affects particle transport under seepage conditions
(Zhang et al., 2020; Zhao et al., 2024).

Well-graded soils, containing a diverse mix of particle sizes, typically exhibit smaller
voids due to interlocking between particles of different sizes. This reduces permeability and
limits the migration of fine particles (Marot et al., 2016). The interlocking effect enhances
soil stability by hindering particle detachment, thereby slowing particle transport (Yang
and Wang, 2017).

Figure I .27: Influence of particle size distribution on fine particle migration: (a) total
particle transport for samples with different particle shapes; (b) total particle transport

for samples with varying particle shapes and uniformity coefficients (Maroof et al., 2021)

In contrast, poorly graded soils, composed of uniformly sized particles, generally have
larger voids and higher permeability, facilitating the formation of preferential flow paths.

This promotes the migration and transport of fine particles (Guo et al., 2023; Oueidat
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et al., 2021). Soils with uneven particle size distribution can also exhibit localized migra-
tion, as larger particles tend to remain stationary while finer particles are preferentially
transported. This selective loss of fine particles can create voids, further enhancing local-
ized fluid flow and accelerating particle migration (Bi et al., 2021; Deng et al., 2023a).
Studies consistently show that soils with a broad particle size range are more resis-
tant to fine particle migration. Fine particles within the mixture can occupy void spaces
between coarser grains, reducing the connectivity of flow paths and limiting particle trans-
port (Zhang et al., 2020). Consequently, the overall soil structure remains more stable,

and the progression of particle migration is mitigated.

5.2.3 Impact of particle shape

Particle shape is a crucial factor controlling fine particle migration and soil structure
stability (Figure I .28). Studies show that irregular, angular particles interlock more ef-
fectively than round particles, enhancing friction between grains and stabilizing the soil
matrix (Xiong et al., 2021a). The rough surfaces and sharp edges of angular particles re-
duce particle detachment and migration under fluid flow, thereby limiting the transport of
fine particles (Qian et al., 2021). Angular particles are particularly effective in maintaining

structural stability under low to moderate seepage rates.

Figure I .28: Distribution of particles at different levels: (a) macroscopic level, (b)

mesoscopic level, (¢) microscopic level (Zhou et al., 2023a)

In contrast, round particles, which have smooth surfaces and weaker interlocking, are
more easily mobilized by seepage flows. Under high-permeability conditions, water can
move more freely between spherical particles, accelerating fine particle migration (Figure I

.29) (Liu et al., 2024c). The detachment and transport of round particles are particularly
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pronounced at higher flow pressures, resulting in more rapid changes to soil microstructure
(Xiong et al., 2024). Consequently, the presence of rounded particles can increase the
vulnerability of soils to particle migration under strong seepage conditions, potentially

reducing overall structural stability.

Figure I .29: Migration behavior of round particles under high-permeability conditions:
(a) cumulative particle transport for realistic and spherical particle shapes; (b) comparison

of fine particle transport for spherical particle model (Wang et al., 2023b)

5.2.4 Impact of fine particle content

The content of fine particles in soil strongly influences fluid flow paths, particle trans-
port, and the overall stability of the soil structure (Figure I .30) (Liu et al., 2020; Yin
et al., 2023). When present in moderate amounts, fine particles can fill voids between
larger soil grains, reducing permeability and limiting fluid-induced particle migration (Li
et al., 2020; Xiong et al., 2022). This filling effect enhances soil resistance to particle
detachment and slows down fine particle migration by decreasing the ease of water flow
through the pore network.

However, excessive fine particle content can have adverse effects on particle migration
behavior. High fine content drastically reduces void space, increasing local flow velocities
and pressure gradients within narrow pores (Figure I .31) (Ouyang and Takahashi, 2016;
Zhao et al., 2024). Under these conditions, fine particles are more easily mobilized and
transported, accelerating their loss from the soil matrix (Prasomsri and Takahashi, 2020).

Furthermore, Ahmadi et al. (2020) investigated the long-term effects of excessive fine
particle content on soil stability. Their findings highlighted that the rapid loss of fine
particles, especially under intense seepage conditions, can create localized erosion chan-

nels. Over time, these channels exhibit increased permeability, allowing more water flow
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Figure I .30: Effect of fines content on the fines—coarse particles mixtures: (a) main soil
skeleton (dark grey) and loosely distributed fine particles (black); (b) some of the fine
particles that contribute to the main soil skeleton (light grey); (c) coarse-grained particles
that have lost their contact (Dallo, 2021)

Figure I .31: (a) The cumulative eroded mass m, after suffusion Liu et al. (2023a); (b)
Evolution of cumulative weight of eroded soil with respect to fines content (Tian et al.,
2020)

and accelerating internal erosion. Hu et al. (2019) concluded that once localized erosion
channels are established, they significantly weaken the soil structure, increasing the risk
of large-scale instability or failure.

While previous studies have identified key factors influencing the initiation of fine
particle migration, such as fine content, porosity, and hydraulic gradient, the nonlinear
and coupled interactions between these factors remain poorly understood. The lack of
clarity regarding critical thresholds and their evolution under combined hydro-mechanical

influences limits the development of accurate predictive models for particle migration in
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granular soils.

6 Mechanisms of fine particle migration: effects of confining

pressure and soil texture

6.1 Fine particle migration under confining pressure

Fine particle migration is strongly influenced by external stresses applied to soil struc-
tures, such as in dams and embankments. Confining pressure plays a critical role in
controlling the movement of fine particles under hydraulic forces (Liang et al., 2019a).
Researchers have studied how confining pressure interacts with hydraulic gradients to reg-
ulate particle detachment and transport, providing insights essential for mitigating soil
instability in engineering applications (Deng et al., 2023b; Zhou et al., 2023b).

Laboratory experiments consistently show that increasing confining pressure reduces
soil permeability and slows fluid flow, thereby inhibiting fine particle migration (Figure I
.32). For example, Li et al. (2024) found that higher confining pressure compresses the
soil matrix, decreases porosity, and narrows flow channels. This compression limits water
velocity and reduces the kinetic energy available to mobilize particles (Zhang et al., 2020).
These results indicate that confining pressure can effectively suppress particle migration
by restricting both fluid flow and particle detachment, a mechanism leveraged in dam

foundation projects to enhance soil stability (Kawano et al., 2018).

Figure I .32: Changes in porosity and erosion rate due to perimeter pressure: (a) Smaller
porosity for specimens with high perimeter pressure; (b) Smaller erosion rate for specimens

with high perimeter pressure (Liu et al., 2023a)
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Further research on particle mobility has demonstrated that confining pressure en-
hances interparticle contact forces, reducing the likelihood of particle detachment and
migration under water flow (Cao et al., 2024; Liu et al., 2020, 2023b). Chen et al. (2016)
highlighted how elevated confining pressures increase friction between particles, making
it more difficult for water flow to dislodge them. Numerical simulations have quantified
the forces acting on particles, showing that higher confining pressure requires significantly
greater water forces to initiate particle movement.

Moreover, the influence of confining pressure on shear strength is a critical factor
in studies of fine particle migration and internal erosion (Hu et al., 2020; Liang et al.,
2019b). According to the Mohr-Coulomb failure criterion, a soil’s shear strength increases
with normal stress, a relationship that has been extensively validated in erosion-related
research. Experimental and numerical studies (Hu et al., 2023; Luo et al., 2020) have
shown that higher confining pressures enhance soil resistance to shear forces, particularly
under elevated hydraulic gradients, thereby delaying the initiation of particle migration.
Additionally, Li et al. (2023b) demonstrated that soils subjected to higher confining pres-
sures exhibit greater tolerance to shear-induced deformation, reducing the risk of particle

migration and structural weakening even under significant water flow conditions.

Recent research on the critical hydraulic gradient has further clarified the role of con-
fining pressure (Chen et al., 2023). Zhang et al. (2023a) conducted combined experimental
and numerical studies to assess how confining pressure affects the critical gradient—the
threshold at which water forces overcome interparticle resistance. Chang et al. (2020)
observed that increasing confining pressure raises the critical hydraulic gradient (Figure
I .33), indicating that stronger seepage is required to initiate particle detachment and

subsequent soil displacement (Zhou et al., 2022).

Figure I .33: Critical velocity with various confining pressure with different particle size
(Luo et al., 2013)
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6.2 Influence of soil texture on soil stability and particle migration

The mechanical texture of soil particles, particularly their hardness and stiffness, plays
a critical role in controlling particle stability and migration under seepage conditions.
Unlike commonly recognized factors such as gradation or shape, particle hardness governs
how grains respond to intergranular stress and fluid-induced forces.

Experimental observations indicate that soils composed of softer particles, such as
clay aggregates or weakly cemented silts, are more prone to deformation, abrasion, or
fracture under hydraulic gradients. These processes contribute to the generation of fines
and modify the pore structure, potentially facilitating preferential flow paths and localized
particle movement (Liu et al., 2023a).

In contrast, harder particles, such as quartz-rich sands or crushed angular gravels,
retain their integrity under similar seepage conditions. Their higher stiffness enhances
the stability of interparticle contacts and reduces the likelihood of particle displacement.
Additionally, hard particles are less prone to generate fines under stress, helping maintain
a more stable pore network and slower particle migration rates.

Numerical simulations using the Discrete Element Method (DEM) and coupled fluid-
particle models, such as DEM-PFV and DEM-DFM, confirm that the threshold force
required to mobilize soft particles is significantly lower than that for hard particles. For
example, Chen et al. (2025) showed that under identical boundary conditions, soft parti-
cles exhibit lower critical hydraulic gradients and higher migration velocities, accelerating
structural rearrangement.

Furthermore, particle hardness affects the development of stress chains under confining
pressure (Figure I .34). Soft particles are more likely to undergo localized rearrangement
and fragmentation, altering porosity and facilitating the formation of preferential migra-
tion pathways. In contrast, hard particles preserve the structural skeleton of the soil
matrix, enhancing overall stability.

These findings underscore the importance of considering the mechanical properties of
soil particles at the micro-scale when evaluating particle mobility and structural stability.
In practical applications, selecting harder backfill materials or improving the hardness of
weak soils can be an effective strategy to mitigate the risk of particle displacement under
seepage.

Most existing studies emphasize particle size and gradation, with limited attention to
mechanical texture such as stiffness and hardness. Moreover, the combined influence of
material texture and confining pressure on force chain development and failure modes has

not been adequately explored at the microscale, leaving a critical gap in understanding
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Figure I .34: Evolution of (a) axial force and (b) angle magnitude for a typical force
chain in samples with different F'C' (20% and 35%) and p’ (50 and 200 kPa). An angle of
0° means that the contact is separated. (Liu et al., 2020)

the formation of preferential migration pathways and structural stability.

7 Conclusions

This introductory chapter has laid the foundation for understanding particle mobility
and soil structural responses under seepage by reviewing microstructural characteristics,
particle migration types, experimental observations, and current numerical modeling ap-
proaches. The chapter highlights the significance of micro-scale mechanisms in driving
instability and identifies critical research gaps in linking soil microstructure, hydraulic con-
ditions, and particle migration. In particular, challenges remain in accurately quantifying
thresholds for particle detachment, capturing particle-scale interactions under transient
flow, and simulating coupled fluid-solid behavior across diverse soil textures and stress
states.

To address these challenges, the following chapters systematically integrate experimen-

tal and numerical methods.

e Chapter III develops and validates a hybrid DFM-DEM numerical model that simu-
lates particle migration at the pore scale. The model captures suffusion mechanisms

and grid adaptability under varying particle arrangements.

e Chapter IV applies the validated numerical approach to explore the effects of ini-

tial porosity, hydraulic loading, and fine particle content on migration patterns. It
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also highlights clogging dynamics and permeability evolution, providing quantitative

insights into soil structure degradation.

e Chapter V incorporates mechanical confinement and material texture effects into the
coupled analysis. The resulting simulations provide a comprehensive understanding
of how hydraulic and mechanical factors interact to influence particle mobility and

structural stability in gap-graded soils.

e Chapter VI concludes the thesis by summarizing key findings, evaluating limitations,
and proposing future research directions to advance the understanding and modeling

of particle migration and soil stability under seepage conditions.

These chapters aim to enhance predictive capabilities and contribute to the design of

more resilient geotechnical systems.



Chapter 11

Experimental Investigation of

Internal Erosion

1 Introduction

Particle migration within a soil matrix under hydraulic forces is a critical process in
geotechnical engineering, leading to changes in porosity, permeability, and overall soil sta-
bility. This mechanism plays a key role in the performance and potential failure of earth
structures, such as dams, levees, and slopes, contributing to phenomena like piping and
landslides. Despite extensive research, predicting soil instability driven by particle migra-
tion remains challenging due to variability in soil structure, including particle size distri-
bution, pore connectivity, and hydraulic conditions. Existing studies have highlighted the
influence of soil gradation, hydraulic gradients, and stress conditions on particle mobility,
yet inconsistencies in stability criteria and the absence of a unified predictive framework
underscore the need for further research through theoretical analysis, numerical model-
ing, and experimental validation. Moreover, while various numerical models are available,
their reliability strongly depends on high-quality experimental data, particularly regarding
particle migration mechanisms and pore structure evolution.

This chapter addresses these challenges by conducting cylindrical seepage tests to
investigate the effects of hydraulic gradient, particle size distribution non-uniformity, and
porosity on seepage velocity and particle transport. Imaging techniques were employed to
observe particle migration under transient flow conditions. A modified stability assessment
method that integrates porosity and particle size distribution is proposed.

The chapter is structured as follows: First, the experimental setup and procedures

are described in detail, including materials, testing protocols, and experimental design.
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This is followed by a presentation of results and discussion, providing insights into the
evolution of permeability, particle movement, and filtration behavior patterns observed
during testing. Finally, a refined stability assessment method is proposed based on the
experimental findings, enhancing predictive capabilities by incorporating both porosity

and particle size distribution.

2 Experimental setup and procedure

2.1 Experimental apparatus

To investigate the migration behavior of fine particles in granular materials under seep-
age, a custom-designed visualization apparatus was developed, as illustrated in Figure II
.1. The apparatus consists of four main components: a water supply system, a transparent
specimen column, an image acquisition system, and a particle collection unit.

The water supply system (6) comprises a constant head tank and an overflow pipe
(2), allowing the hydraulic gradient to be adjusted and maintained at stable levels. The
transparent specimen experiment chamber colum (8) is made of acrylic, which enables
direct observation of particle behavior during seepage. Coarse sand filters (7) and fine
mesh screens (1) are installed at both the top and bottom of the column to ensure even
water distribution and to prevent particle loss. The image acquisition system (9 and
13) enables real-time and localized visualization during the test process, and the particle
collection unit at the base of the column captures and measures the eroded fine particles.

The specimen column has a diameter of 10 cm and a height of approximately 25 cm,
providing a sufficient aspect ratio to minimize boundary effects. The column is filled
with granular mixtures (4) of varying gradations, and coarse sand layers (2 cm thick,
particle size > 2 mm) are placed at both the top and bottom to distribute flow and
stabilize the sample. Stainless steel perforated plates with 2 mm-diameter holes, arranged
at 3 mm intervals, are placed above and below the specimen to promote uniform flow while
preventing clogging. All water channels and connectors used in the system have an inner
diameter of 7.5 mm.

To simulate different seepage conditions, the hydraulic gradient was adjusted by vary-
ing the overflow pipe height, with target gradients set at 0.2, 1.0, and 1.8. For visual
observation, the image acquisition system includes a 5 MP digital CMOS camera with a
maximum frame rate of 30 fps, positioned in front of the specimen column to record the
entire testing process. In addition, three USB microscopes (9) with up to 500x magni-

fication and 25 fps recording capability are mounted at fixed positions corresponding to
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heights of 4 cm (top), 12.5 cm (middle), and 21 cm (bottom), enabling high-resolution

imaging at multiple vertical layers within the specimen.

2.2 Materials and specimens

The granular material used in the tests was fused quartz sand (Figure II .2(a)), chosen
for its transparency and strength, which makes it suitable for visual observation and
comparable in properties to typical levee fill materials. The quartz sand (Figure II .2(b)),
obtained from Xuzhou in Jiangsu Province, is hard, well-rounded, and chemically stable.
To track the movement of fine particles during erosion, red-dyed fine sand with a CaCQOj3

base was used as tracer particles. These tracers have particle diameters smaller than

Figure II .1: Schematic presentation of the seepage experimental device
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0.25 mm and were added in specific quantities to avoid influencing the hydraulic flow
or mechanical response of the bulk material. The properties of the tested materials are

summarized in Table IT .1.

(a) (b)

Figure II .2: Experimental Materials: (a) Transparent fused quartz sand; (b) Red tracer

sand

Table II .1: Quartz sand and color sand parameters

Criterion Quartz sand Red tracer sand

Main components  SiOg (99.9-99.95%), FesOs3, LioO, Al,O3  CaCOs > 98%

Density 2.65 g/cm? 2.71 g/cm?
Moisture <0.05% <0.2%
Mohs hardness 7.0 3.0
pH value 7.0 8.0
Elastic modulus (E) 10.0 GPa 1.0 GPa
Poisson’s ratio (v) 0.25 0.30

All quartz sand used in the tests was oven-dried and sieved into the following particle
size fractions: 10-5 mm, 5-2 mm, 2-1 mm, 1-0.5 mm, and 0.5-0.25 mm. To simulate fine
particle migration under seepage, additional red-colored tracer sand (composed primarily
of CaCQOg) was incorporated. The red tracer particles were all smaller than 0.25 mm and
were blended into the mixtures in designated proportions. Specifically, red tracer sand
was used to represent two distinct size groups: 0.25-0.75 mm and <0.25 mm, in order to
enhance visual tracking of fine particle movement during seepage-driven migration. Three
target porosity levels were considered: 0.30, 0.35, and 0.40, to investigate the effect of

initial void ratio on particle migration behavior.
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Table IT .2: Coefficient of non-uniformity and curvature coefficient for composite mate-

rials
Gradation  Coeflicient of Coefficient of dig dag ds3o dgo dro
uniformity (Cy) curvature (C;)
B1 2.95 1.07 0.32 0.46 0.57 095 1.62
B2 14.78 0.52 0.35 0.53 097 519 6.12
B3 20.47 9.71 0.36 0.68 5.02 6.74 7.44

The coefficient of uniformity (C, = dgo/d10) and the curvature coefficient (C, =
d2,/(d10-deo)) serve as key indices for characterizing particle size distributions and evaluat-
ing their influence on migration patterns. A gradation is typically considered well-graded
and continuous when C,, > 5 and C, lies within the range of 1 to 3. According to previous
experimental studies, materials with C, < 5 tend to exhibit global particle migration,
where detachment and transport occur throughout the entire sample. In contrast, when
5 < Cy < 10, both global migration and localized channel formation may develop, de-
pending on the pore structure and flow conditions. For highly non-uniform mixtures with
Cy > 20, localized channels and selective transport of fine particles become the dominant
modes, owing to the discontinuous packing and high contrast between coarse and fine frac-
tions. These parameters are widely used to predict the susceptibility of granular media to

particle migration under seepage.

Based on these considerations, three representative artificial gradations were designed
to investigate the role of particle size distribution in controlling migration mechanisms.
Gradation B1 was characterized by a relatively narrow size range, with C,, = 2.95, rep-
resenting a uniform structure composed of similarly sized particles. This configuration
promotes a stable granular skeleton, reducing the likelihood of particle movement during
seepage. Gradation B2 had a broader particle size distribution and a gap-graded struc-
ture, with C,, = 14.78, where fine particles partially filled the voids between coarser grains,
providing an intermediate scenario between uniformity and heterogeneity. Gradation B3,
with C, = 20.47, featured the widest size range and a pronounced discontinuity in par-
ticle arrangement. The large disparity between coarse and fine fractions in this mixture
weakened the contact network and increased the vulnerability to localized channels and

selective migration of finer particles under elevated hydraulic gradients.

The grain size characteristics of all tested mixtures, including dig, dso, dgo, Cu, and
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C., are summarized in Table IT .2. The corresponding grain size distribution curves are

shown in Figure II .3.

2.3 Experimental procedures

To achieve the designated porosity levels, the total dry mass of the mixed sand (M)
was calculated based on the target dry density (pq) and the fixed specimen volume (V)
using the relation My = pg - V. For each porosity level, this ensured precise control over
the initial packing condition.

The mass of each particle size fraction was then determined according to the prescribed
gradation curve (mass percentage), and each fraction was weighed individually using an
electronic balance. The weighed components were thoroughly mixed before packing to
achieve a uniform distribution.

The mixture was then packed into the specimen column using a layered eposition
method with light tapping and slight under-compaction to ensure homogeneity. Each
layer (approximately 5 cm thick) was compacted to slightly below the target density. The
final porosity was verified by measuring the total mass and dimensions of the specimen.
This method has been shown to yield consistent and reproducible porosity distributions
in previous studies (Chang and Zhang, 2011).

After specimen preparation, a 2 cm-thick layer of coarse sand was placed on top to
help distribute the inflow uniformly and reduce turbulence during saturation. Water was

introduced slowly from the top, and the specimen was allowed to saturate naturally under

Figure II .3: The particle size distribution curves of the mixed materials in group B
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gravity. Saturation was considered complete when a steady water head was observed at
the outlet, typically within 30 to 60 minutes depending on gradation and porosity.

The hydraulic gradient was incrementally increased to investigate the evolution of par-
ticle migration in granular soils under controlled seepage conditions. The initial gradient
was set to 0.2 and incrementally increased by 0.2 up to a maximum value of 2.0. The hy-
draulic gradient (i) was calculated from the head difference between the inlet and outlet,
divided by the specimen height. A gravity-fed setup was employed, wherein the inlet water
level was manually adjusted by raising or lowering the water reservoir, and the outlet was
fixed at a constant height to maintain a stable outflow condition. Although a Mariotte
bottle was not used, the gradual head adjustments and visual monitoring ensured precise
control of the seepage process without introducing significant fluctuations.

At each gradient level, the Darcy velocity (v) was used to characterize the seepage

behavior and fluid movement through the soil. It was calculated using the equation:

v :% (I .1)

where Q is the volumetric outflow per unit time (cm?®/s), and A is the cross-sectional area
of the sample (cm?). This flow velocity served as a direct indicator of seepage intensity
and potential particle migration development.

Each gradient level was maintained for 20 minutes. During this period, flow rate, efflu-
ent turbidity, and internal changes were continuously monitored. The particle migration
process at each stage was considered stabilized when both the flow rate and the clarity of
outflow water became steady. A sudden increase in turbidity or visible instability in the
specimen indicated the onset of particle migration.

The hydraulic gradient was increased in a stepwise manner to assess the progression
of fine particle migration under controlled seepage conditions. The initial gradient was set
to 0.2 and incrementally increased by 0.2 up to a maximum value of 2.0. The hydraulic
gradient (i) was calculated from the head difference between the inlet and outlet, divided
by the specimen height. A gravity-fed setup was employed, wherein the inlet water level
was manually adjusted by raising or lowering the water reservoir, and the outlet was fixed
at a constant height to maintain a stable outflow condition. Although a Mariotte bottle
was not used, the gradual head adjustments and visual monitoring ensured precise control
of the seepage process without introducing significant fluctuations.

Each gradient level was maintained for 20 minutes. During this period, flow rate, efflu-
ent turbidity, and internal changes were continuously monitored. The particle migration

process at each stage was considered stabilized when both the flow rate and the clarity of
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outflow water became steady. A sudden increase in turbidity or visible instability in the
specimen indicated the onset of particle migration.

To capture localized particle migration processes, three USB microscopes with up to
500x magnification and 25fps recording capability were mounted at fixed vertical positions
along the column, corresponding to heights of 4cm (bottom), 12.5cm (middle), and 21cm
(top). These heights were selected to monitor particle dynamics across the vertical profile
of the specimen, with particular attention to fine particle mobilization under upward
seepage. Throughout the test, the images and videos from each microscope were reviewed
in real time to identify early signs of fine particle migration, such as particle detachment,
formation of micro-channels, or color changes induced by tracer particle displacement.

When potential migration activity was observed at any of the monitored levels, the
corresponding microscope’s focus was manually fine-tuned using an integrated adjustable
mount. The field of view was centered on the region of interest to track particle movement
trajectories. This allowed the onset, progression, and directionality of fine particle migra-
tion to be accurately captured. The fixed positioning also enabled temporal comparison
between different test stages.

Due to the cylindrical shape of the column and curvature-induced image distortion, all
recorded images were post-processed using MATLAB to apply lens distortion correction
and spatial flattening. This ensured that the visual analysis of particle movement was not
compromised by geometric artifacts and provided a reliable basis for tracking fine particle
migration evolution

The test continued in this stepwise manner until significant particle migration was
observed or the upper limit of the hydraulic gradient was reached. After each stage,
eroded particles carried out by the seepage flow were collected using a fine mesh at the
outlet, oven-dried at 105 °C for 24 hours, and weighed to determine the mass of eroded

soil. The cumulative mass migration rate (m.) was calculated as:

=

x 100% (11 .2)

Mme

where M, is the cumulative mass of eroded particles (g), and My is the initial dry mass
of the specimen (g).

After the test was completed, the specimen height was measured and evenly divided
into three sections, corresponding to the upper, middle, and lower parts defined in Figure
IT .1. Each section was carefully extracted to minimize disturbance. After drying, the
grain size distribution of each part was remeasured.

To systematically analyze the effects of gradation, porosity, and hydraulic gradient
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on particle migration, a response surface methodology (RSM) was applied using Design-
Ezxpert software. The mass migration rate, expressed as mass loss per unit time, was
selected as the response variable. A total of 17 tests (labeled T1 through T17) were
designed, as shown in Table II .3.

Table II .3: Response surface design of soil particle migration test parameters

Number of Coefficient of Gradation  Porosity Hydraulic

tests nonuniformity (C,) (ng) gradient (i)
T1 0—-5 B1 0.30 1.0
T2 10 —15 B2 0.35 1.0
T3 0—-5 B1 0.35 1.8
T4 10 — 15 B2 0.35 1.0
TH 10 —15 B2 0.30 1.8
T6 10—-15 B2 0.30 0.2
T7 0-5 B1 0.40 1.0
T8 10—-15 B2 0.35 1.0
T9 10—-15 B2 0.40 0.2
T10 20— 25 B3 0.40 1.0
T11 0—-5 B1 0.35 0.2
T12 20 — 25 B3 0.35 0.2
T13 10 —15 B2 0.40 1.8
T14 10 —15 B2 0.35 1.0
T15 20 — 25 B3 0.35 1.8
T16 20 — 25 B3 0.30 1.0

T17 10 —-15 B2 0.35 1.0
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3 Results and discussions

3.1 Permeation development characteristics

3.1.1 Relationship between incremental hydraulic gradient and permeation

development

Based on the results of the cylindrical infiltration tests conducted under varying hy-
draulic gradients, the relationship between Darcy velocity (v) and hydraulic gradient ()
was established, as illustrated in Figure II .4. The overall trend of the outflow behavior
indicates a nonlinear increase in velocity with increasing gradient. The measured flow
velocities ranged from 0.092 to 0.365 cm/s across the tested gradient range, indicating a
progressive increase in seepage intensity and the potential initiation of particle migration.

In the initial stages of the experiment, under relatively low hydraulic gradients, a
phenomenon of seepage-induced compaction was observed. During this phase, the flow
velocity decreased slightly despite the increase in hydraulic head, as the upward seep-
age caused a rearrangement of particles and a reduction in pore space. As the hydraulic
gradient continued to rise and approached a certain threshold, known as the critical hy-
draulic gradient, a distinct transition in flow behavior was noted. This point, referred to
as the permeation transition point, marked the onset of internal instability. Before reach-
ing this point, the flow velocity showed a decreasing trend with increasing gradient due

to compaction effects. Once the critical gradient was exceeded, the flow velocity began

Figure II .4: Relationship between flow velocity and hydraulic gradient
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to increase, and the relationship between velocity and gradient became either linear or
nonlinear depending on factors such as the gradation coefficient and the initial porosity of

the sample.

(d) (e) ()

Figure II .5: The relationship between flow velocity and hydraulic gradient under dif-
ferent factors: (a) Bl gradation, (b) B2 gradation, (c) Bl gradation, (d) no = 0.3, (e)
no = 0.35, (f) ng = 0.4

Comparing different porosity levels under the same gradation, the B1 mixture (Figure
IT .5(a)) exhibits an initial increase in permeability with increasing porosity. However, in
group T7 (ng = 0.4), which has a higher porosity, more flow channels and particle activ-
ity space are available internally, resulting in a relatively smaller change in permeability
compared to groups T1 (ng = 0.3) and T11 (ny = 0.35) before reaching the critical gra-
dient. After surpassing the critical hydraulic gradient, all experimental groups transition
from compaction to flow development stages. In lower porosity groups T1 and T11, flow
velocities increase almost linearly with hydraulic gradient, while minor fluctuations are
observed in group T7.

Under B2 gradation (Figure II .5(b)), permeability initially increases with increasing
porosity, mainly due to the presence of 42.24% coarse particles (d > 5 mm) forming a

load-bearing skeleton. The internal structure with stable skeleton formations containing
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larger particles provides more space for fine particle movement with increasing porosity.
However, due to better filling of fine particles, the initial variation in permeability is
relatively small. After surpassing the critical gradient, flow velocities fluctuate as the
internal structure of the B2 gradation continuously changes under hydraulic forces.

For B3 gradation (Figure II .5(c)), with 70.24% skeleton particles, the irregular pack-
ing of these coarse particles results in increased internal structural instability, causing
fluctuating flow channels due to particle rearrangement. No clear correlation is observed
between initial flow velocity and porosity. As shown in Figure II .5(a)-Figure II .5(c),
increasing porosity at a constant gradation coefficient leads to greater fluctuations in flow
velocity development. Permeability initially increases with porosity (K = %), and higher
porosity samples exhibit relatively smaller changes in permeability before reaching the
critical gradient compared to lower porosity samples.

Comparing experimental data results for different gradations under the same porosity
level, at ng = 0.3 and ny = 0.35 (Figure I .5(d) and Figure II .5(e)), significant differences
in flow velocity development are observed. Despite maintaining the same porosity level,
differences in internal structure due to varying gradations are considered to be the primary
factors affecting behavior. Gradations with higher skeleton particle content, such as B3
(Cy = 20.47), are generally expected to form larger and more connected pores internally,
which may contribute to increased particle activity compared to B1 (C,, = 2.95) and B2
(Cy, = 14.78). This could result in greater flow velocity fluctuations. At a porosity of
0.40 (Figure II .5(f)), gradations with higher skeleton particle content, such as B2 and B3,
tend to develop larger, better-connected internal pores. However, at higher porosity levels,
internal particle activity appears to increase, leading to more random particle motion and
larger fluctuations in flow velocity. Figure IT .5(d)-IT .5(f) suggest that an increasing
gradation coefficient under the same porosity level is associated with greater fluctuations

in flow velocity development.

3.1.2 Relationship between incremental hydraulic gradient and mass migra-

tion rate

This relationship provides insight into the onset and progression of fine particle migra-
tion under controlled seepage conditions.

Based on the previously defined cumulative mass migration rate (me), the particle
migration response of the sample under incremental hydraulic gradients was analyzed.
The variation of m, with increasing hydraulic gradient is shown in Figure II .6, illustrating

how particle migration evolves as the hydraulic load is increased stepwise.
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Overall, the analysis reveals that within the hydraulic gradient range of 0.2 to 2.0,
group T'10 exhibits the most pronounced variation in mass migration rate. The fluctuations
in mass migration across the different groups correspond closely with the development of
flow velocity. As the hydraulic gradient increases progressively, each group displays distinct
peaks in cumulative mass migration rate, with the occurrence of these peaks aligning well

with the onset of seepage transition points.

Comparing different experimental groups with the same gradation but different poros-
ity levels, variations in cumulative mass migration rates are observed as the gradation
coefficient and porosity change. For Bl gradation (Figure II .7(a)), in group T1 with a
porosity of 0.30, the mass migration rate is the lowest, while there is little difference in
cumulative rates between groups T11 and T'7 with porosities of 0.35 and 0.40, respectively.
This suggests that in gradations with smaller coefficients of uniformity, the denser internal
structure is less susceptible to damage, and fine particles are less prone to migration. As
porosity increases to a certain critical porosity, the loss of internal particles becomes less
correlated with changes in porosity and more correlated with the proportion of erodible

fine particles to the total mass.

For B2 gradation (Figure II.7(b)), comparing cumulative mass migration rates of three
different porosity samples, group T8 with a porosity of 0.35 exhibits the lowest rate, while
group T13 with a porosity of 0.40 develops more rapidly and reaches a higher cumulative

value. This indicates that in gradations with moderate coefficients of uniformity, the

Figure II .6: Relationship between cumulative mass migration rate and hydraulic gradi-

ent
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denser internal structure exhibits stronger stability, and fine particles are less susceptible
to migration. As porosity increases, particle migration becomes more active, significantly
higher than in groups with lower porosity.

For B3 gradation (Figure II .7(c)), comparing cumulative mass migration rates of
three different porosity samples, group T15 with a porosity of 0.35 shows relatively lower
migration in the early stages. However, after the hydraulic gradient increases to 1.2, it
surpasses group T16 with a porosity of 0.30, though the difference is not significant. Group
T10 with a porosity of 0.40 exhibits the fastest development and the highest cumulative
mass migration rate. Comparing data from different gradations under the same porosity
level (Figures II .7(d)-II .7(f)), it is evident that in gradations with larger coefficients
of uniformity, the larger pore channels under hydraulic forces are more susceptible to
particle migration, with initial porosity having less impact. As porosity increases to a
certain critical value, the loss of internal particles becomes less correlated with porosity
changes and more dependent on the proportion of mobilizable fine particles relative to the

total mass.

(d) (e) ()

Figure II .7: Relationship between mass migration rate and hydraulic gradient under
different factors: (a) B1 gradation, (b) B2 gradation, (c) B1 gradation, (d) ng = 0.3, (e)
no = 0.35, (f) ng = 0.4
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3.2 Characteristics of fine particle movement
3.2.1 Image analysis

It is widely recognized that the properties of the microscopic structure vary with
changes in soil particle composition (Kay and Angers, 2001). These changes in microstruc-
ture alter the contact relationships among particles, which in turn influence the soil’s
seepage behavior. In this study, digital imaging was employed to trace particle move-
ment, providing supplementary evidence for analyzing particle migration patterns in soil

mixtures.

Due to differences in sample parameters and external hydraulic environments, the ex-
tent of fine particle mobility within the specimens varied considerably. Based on qualitative
observations from sequential microscopic images during testing, we propose a preliminary
classification of particle movement behavior into three categories, according to the ob-
served degree of activity: no apparent particle movement (I), individual particle motion
along seepage channel (II), and large-scale particle motion and upper part densification
(ITT). This qualitative classification is intended as a descriptive framework to interpret
observed patterns, rather than a strict quantitative standard. The movement behavior in

each group is summarized in Table II .4.

For motion state I, the sample shows minimal particle migration and only traces of
fine particles are observed to migrate within the observation range. Water flow is visible
throughout the observation, but fine particles exhibit no significant changes in their overall

structure (Figure II .8).

In motion state II, some samples exhibit particle movement within the microscopic
observation range under hydraulic action. However, the movement modes vary and include

the following cases:

(1) In-situ oscillation and rotation (II-i). In-situ oscillation and rotation without net
displacement. Trace particles show no obvious displacement but oscillate or rotate in situ
with the water flow. Large bubbles formed by the coalescence of small bubbles are trapped
in the pores and undergo continuous shape changes due to water flow impact. The trapped
bubbles oscillate at the water-air interface (Figure II .9).

(2) Short-range particle migration localized along seepage channels (II-ii). Small-scale
migration occurs along the seepage channel, converging in the main flow path and caus-
ing local clogging over short distances. For example, in Group T15, particle migration is
observed throughout the specimen, with increasing activity from bottom to top. Fine par-

ticles converge from branch channels into the main channel, eventually forming localized
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blockages (Figure II .10).

(3) Long-distance migration beyond observation range (II-iii). Relatively long-distance
migration occurs along the seepage channel, with particle movement extending beyond the
microscopic observation range. Group T17 exhibits such long-distance migration of fine
particles, with observable loss along the seepage path. Accumulated migrating particles
result in clogging, which may later be disrupted by increased hydraulic forces, leading to
flushing of the blockage (Figure II .11).

In motion state III, large-scale particle motion and upper part densification. Trace fine
particles are observed to resettle along zones under hydraulic action, leading to seepage-
induced densification. In Group T10, a large number of particles in the upper and middle
portions migrate with the water flow and are lost along the seepage paths (Figure II
.12). The movement distance exceeds the field of microscopic observation, and some fine
particles aggregate and deposit in tortuous, non-through pores within the visible area.

It is emphasized that this classification is based on visual interpretation under ex-
perimental conditions, and further research is needed to develop quantitative criteria for

particle mobility characterization.

(a) (b) ()

Figure II .8: Motion state I: No apparent particle motion (T1): (a) 5min, ¢ = 0.20; (b)
65 min, ¢ = 0.80; (c) 125min, ¢ = 1.80

Differences in sample parameters lead to differences in phenomena. With the increase
in gradation unevenness and sample porosity, the instability of internal particles gradually
increases. No single index among the factors exhibits a clear main control feature. Under
the comprehensive effect of various factors, larger pores can form within the sample skele-
ton particles, resulting in faster internal flow velocity, and the fine particles become more
unstable and prone to damage. There are differences in zone movement within the same
sample. Except for group T4, the instability of internal fine particles in the other groups
follows the phenomenon of upper > middle > lower. The phenomenon in group T4 is due

to the microscopic observation point being located on the main seepage channel, where
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(a) (b) (c)

Figure II .9: Motion state II, II-i: In-situ oscillation and rotation (T13); (a) 5min, 7 =
0.20; (b) 65min, ¢ = 0.80; (c¢) 125min, 7 = 1.80

(a) (b) ()

Figure II .10: Motion state II, II-ii: Short-distance migration and upper part clogging
(T15); (a) 5min, ¢ = 0.20; (b) 65min, ¢ = 0.80; (c) 125 min, i = 1.80

(a) (b) (c)

Figure IT .11: Motion state II, II-iii: Long-distance migration beyond observation range
(T17); (a) 5min, ¢ = 0.20; (b) 65min, ¢ = 0.80; (c) 125min, i = 1.80

the flow velocity is relatively fast, and the hydraulic shear force is stronger. Additionally,
comparing the initial and final images of each hydraulic gradient, it can be observed that
in the range of i = 0.6-1.0, the greatest changes in particle migration of the red trace

particles occur, indicating significant deformation and damage to the framework formed
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(a) (b) ()

Figure II .12: Motion state III: Large-scale particle motion and upper part densification
(T10): (a) 5min, ¢ = 0.20; (b) 65min, ¢ = 0.80; (c) 125 min, ¢ = 1.80

by coarse particles.

In fact, during infiltration experiments, the liquid phase within aggregated granular
materials continuously displaces the gas phase within the pores. During this process, some
gas is expelled from the soil mass due to compression, while another portion becomes
trapped by the water phase within the internal pores, resulting in localized decreases in
permeability. The solid phase can be divided into skeleton particles and mobile particles.
During the seepage process, skeleton particles do not undergo movement due to seepage
forces; instead, they support each other and interlock to form pathways for the mixed fluid
to pass through. Some mobile particles, under hydraulic action, migrate with the water
and may settle in specific pore throats, adhering to the internal surfaces and temporarily
becoming part of the granular skeleton. When hydraulic conditions change, these particles

can be remobilized, initiating further particle migration

3.2.2 Post-experiment particle size characteristics in different regions

After the experiment, the samples were sieved into upper, middle, and lower layers to
obtain the particle size distribution curves and related particle size parameters for each
layer, studying the variation in particle size distribution caused by particle loss in different
regions. The groups with the same experimental parameters were merged and summarized
for uniformity coefficients and curvature coefficients (Figure II .13).

It can be observed that for C, = 2.95 groups, there was little difference in the uniformity
coefficient among the upper, middle, and lower layers before and after the experiment. For
C, = 14.78 groups, two situations were observed: the non-uniformity coefficient decreased
layer by layer from top to bottom (with possibly little difference between the middle and

lower layers), as seen in T2, T4, T5, T6, and T13, while some groups showed no clear
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Table II .4: Modified table for particle motion classification
Motion Status Upper Middle Lower Parameters
T1 T1 T1 Cy, =295n=0.30
T3 T3 T3 Cy,=295n=0.35
T7 T7 T7 Cy =295,n=0.40
T5 T5 T5 C, =14.78,n = 0.30
No apparent particle
) T6 T6 T6 C, =14.78,n = 0.30
motion (I)
T2 T2 T2 C, =14.78,n=0.35
T8 C, =14.78,n=0.35
T9 T9 C, =14.78,n = 0.40
T13 T13 C, =14.78,n = 0.40
T9 C, =14.78,n = 0.40
In-situ T13 Cy = 14.78,1 = 0.40
oscillation,
. T12 Cy, =20.47,n=0.35
rotation
T16 Cy, =20.47,n = 0.30
T11 T11 T11 C,=295,n=0.35
Individual particle T4 T4 Cy, =14.78,n = 0.35
motion along Short-distance T8 T8 Cy, =14.78,n = 0.35
seepage channel (II) migration T2  TI2  C, =20.47,n =035
T15 T15 T15 C, =20.47,n=0.35
T16 T16 Cy, =20.47,n = 0.30
T14 T14 T14 Cy, =14.78,n=0.35
Migration beyond
: T17 T17 T17 Cy, =14.78,n=0.35
observation range
T10 Cy =20.47,n = 0.40
Large-scale particle T4 Cy =14.78,n = 0.35
motion (III) T1I0  TI0  C,=20.47,n=0.40
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trend in the change of non-uniformity coefficient, such as T8, T9, T14, and T17. For C, =
20.47 groups, there was a significant change in non-uniformity coefficient among the three

layers compared to before the experiment, with irregular changes.

The difference in non-uniformity coefficient among layers was attributed to the mi-
gration of fine particles caused by hydraulic drag during the experiment. Based on the
premise of fine particle migration, it can be assumed that when the sample non-uniformity
is low, the amount of fine particle migration is small, resulting in minor changes in internal
non-uniformity. Conversely, when the sample non-uniformity is high, there is more space
for particle movement inside, and long-distance migration is more likely to occur, leading

to differences in particle size distribution along the direction of water flow.

The variation in non-uniformity reflects the reorganization of particle size distribution
inside the sample before and after the experiment. Directly conducting layered sieving
and statistical extraction of parameters for samples after hydraulic particle migration
neglects the influence of the collected lost particles on the total mass of the material and

the proportion of particles of each size. Limited by the sieve pore size at the bottom

Figure II .13: Non-uniformity coeflicients and mass change rates of upper, middle, and
lower layers after experiments for each group: The bar chart represents the non-uniformity
coefficients at the three layer positions, while the dotted line chart represents the mass

change rates
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of the testing instrument (2mm), particles larger than 2mm cannot be lost. Therefore,
the proportion of particles larger than 2mm remains essentially unchanged. The mass
obtained from sieving particles larger than 2mm can be used to calculate the total mass
of each layer, and the actual proportion of particles of each size can be obtained based on
the original total mass.

Figure II .13 presents the results of the reverse calculation of mass proportions, from
which the mass change rate of each layer can be derived. All test groups exhibited an over-
all mass loss, with distinct variations in mass changes across different layers. A common
feature among the groups is the mass loss observed in the upper layers. The differences
mainly lie in the evolution of mass in the lower layers: in some cases, mass accumulation
occurred, while in others, the mass input was less than the output, resulting in a net mass
loss.

The variation in layer mass is related to the imbalance in mass input and output
among layers, fundamentally determined by the ease of movement of fine particles within
the material and the size of permeable pores. When fine particles move easily but have
limited migration distances due to pore characteristics, they only affect local permeability.
However, if there are permeable channels available for long-distance migration of fine
particles, the fine particle content in each layer will decrease, resulting in a total mass loss
in the specimen. It is worth noting that the calculated mass loss differs from the mass
of lost particles collected through sedimentation, as hydraulic particle migration carries
away a large amount of suspended fine particles that cannot be collected in sedimentation

tanks.

3.3 Filtration behavior patterns

Previous analyses have indicated that the filtration behavior of soil is closely related to
hydraulic action, porosity, and the coefficient of uniformity. When the hydraulic gradient
changes, the fine particles in the region remain generally stable under normal hydraulic
gradient conditions. However, when the hydraulic gradient is relatively low, the migration
of fine particles within the pore structure is limited, and the porosity tends to gradually
decrease due to particle rearrangement and compaction in the later stages of seepage. The
velocity variation curve shows that an increase in porosity is generally accompanied by
an increase in flow velocity. This elevated flow velocity enhances the hydrodynamic forces
acting on fine particles, promoting their migration and removal. As a result, the increase in
flow velocity and fine particle migration reinforce each other, exhibiting a self-reinforcing

process. When the hydraulic gradient is very high, as the porosity in the region continues
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to increase, the soil structure becomes more and more loose, and the average contact
force between particles is smaller compared to conditions with a lower hydraulic gradient.
This indicates that the region's resistance to particle migration is weaker at this time.
Conversely, when the hydraulic gradient is lower, more fine particles become clogged in the
region, the particle arrangement becomes tighter, and the average contact force between
particles increases, resulting in a more stable structure. The possible relationship between
the mechanical behavior of local particles and hydraulic characteristics is shown in Figure
IT .14. It can be inferred that when the phenomenon of fine particle filtration in individual
regions transitions to a collective phenomenon under critical conditions, the weakening of

local resistance will ultimately affect the overall seepage stability of the sample.

Figure II .14: Filtration behavior patterns influenced by hydraulic gradient

When the soil's coefficient of uniformity varies, there exists a threshold for the impact of
the coefficient of uniformity on soil filtration behavior. When the coefficient of uniformity
exceeds this threshold, the soil structure becomes unstable, and it is prone to damage under
hydraulic action, causing fine particles to undergo filtration (Figure II .15). Once this
process reaches a certain extent, it can even affect the overall structure of coarse particles.
Conversely, when the coefficient of uniformity is below this threshold, the interaction forces
between particles are stronger, leading to a denser accumulation that is less susceptible to
disruption by the hydraulic gradient.

Regarding porosity, there also exists a threshold for its impact on soil filtration be-

havior. When the porosity is below this threshold, the voids between coarse particles are
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Figure II .15: Filtration behavior patterns influenced by the coefficient of uniformity

extensively filled with fine particles, resulting in tight connections between particles and
a stable skeletal structure (Figure II .16). This primarily manifests as overall deposition.
However, when the porosity exceeds this threshold, fine particles undergo filtration under
the action of the hydraulic gradient, further increasing the porosity and compromising the

structural integrity, leading to an unstable skeleton.

3.4 Internal stability

Internal stability describes the soil’s ability to resist particle migration and reflects
its resistance to structural degradation under seepage forces. Therefore, the extent of
hydraulically induced instability is an important indicator for evaluating internal stability.
Within the soil mass, fine particles can exhibit different transport phenomena during self-
filtration. Flowing soil, piping, contact particle movement, and contact loss represent
different characteristics of seepage-induced particle migration.

While numerous approaches exist for assessing internal stability, this study conducted
a comparative evaluation using several representative methods. The results are presented
in Figure II .17. It is evident that different criteria yield varying judgments on the in-
ternal stability of granular materials with different parameters. In some cases, they even
produce completely contradictory results. For instance, the Burenkova method tends to
be conservative, classifying all groups as unstable. In contrast, the Wan & Well method

is more aggressive, classifying all groups as stable. The judgment results of these criteria
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Figure II .16: Filtration behavior patterns influenced by porosity

sometimes deviate from actual observations. The Kezdi criterion classified groups with
Cy, = 295 and C, = 14.78 as stable, yet in actual tests, fine particles were observed to
migrate. The Andrianatrehina method only classified the T3 group with C, = 2.95 and
ng = 0.35 as unstable. However, in actual tests, the T4 group exhibited the largest scale
of fine particle movement, while the T3 group showed no significant particle movement
under microscopic observation. This discrepancy could be due to method-specific biases

and particle segregation during the compaction process.

Considering the results of multiple criteria, the Istonima criterion appears to be rela-
tively accurate. The deviations in judgment by various criteria for the fused quartz sand
accumulation material are due to the insufficient use of judgment criteria in specific inter-
nal stability criteria and the incomplete consideration of controlling factors. Most methods
judge the medium using direct or indirect indicators. Direct methods assess stability based
on the amount of eroded fine particles that flow out, while indirect methods judge based

on changes in seepage characteristics.

It is important to note that the movement or even long-distance migration of internal
fine particles under hydraulic action does not necessarily mean they can flow out of the
sample. The internal structure is complex, with small pore throats and high tortuosity,
which may result in the filtration effect of fine particles. This introduces bias when using

mass migration amounts amounts for judgment. Seepage characteristics can indirectly
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Table IT .5: Soil internal stability criteria control variables and indexes

Criterion Control variable Evaluation indicator
Cy <10 (S)
Istomina o y
u = < u <
(1957) 60/d10 10 < C, <20 (T)
Cy > 20 (U)
(d15c/d85 )max S 4 (S)
Kezdi (1969) (dise/dss  max d
(d15c/d85f)max >4 (U)
Burenkova B = dgo/dgo &
0.76log(h”) +1 < h' < 1.861og(h") + 1
(1993) h" = dgo/d5

30/ log(dgo/dﬁo) > 110 &
15/ 10g(dgo/d15) <15 (S)

Wan and Fell B = dgo/dgo &
(30/ log(dgo/d(;()) < 80) &

(2008) h'" = dao/d1s
(30/ log(dgp/deo) < 80 | 15/log(dag/d15) > 22) (U)
Other (T)
Andrianatrehina AP APpax < 5% (S)
et al. (2016) nax APrax > 5% (U)

Notes: (1) dy: The particle size corresponding to the cumulative mass fraction x of particles smaller
than a certain size within the coarse particle group. (2) (dise/dssf)max: The maximum filtration
ratio corresponding to different separation particle sizes. (3) h' = doo/dso: Represents the degree of
non-uniformity in the coarse particle portion. (4) dgo/d15: Represents the degree of non-uniformity in the
fine particle portion. (5) APmax: The maximum value of the gradation difference between the upper and

lower layers. (6) S: Stable, T: Transitional, U: Unstable.

reflect the internal condition of particle accumulations, but the quantitative indicators
related to internal stability need further clarification.

To improve the judgment of stability by considering the gradation characteristics of
accumulated granular materials, it is helpful to also incorporate porosity into the eval-
uation. This can be done by using the optimal fine particle content when the pores
within the particle skeleton are filled, aiding in the determination of seepage failure forms

(GB50487-2008, 2008):

0.30+3n%2—n
P,=—-———"" IT .3
5 1—-n ( )

where P, is the optimal fine particle content, and n is the porosity.
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Figure II .17: Evaluation results using various criteria.(S for stable, T for transitional,

U for unstable)

Figure IT .18: |AP| under different gradation and porosity conditions
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The optimal fine particle content P, was calculated for different porosities n, and
compared with the actual fine particle content P of the sample. The value of P was
determined using the post-migration particle size distribution, based on the coarse—fine
boundary defined as d’ = v/dyo - d7g. The percentage of particles smaller than this thresh-
old was considered as the fine particle content P. The absolute difference between the
two, |[AP| = |P — P, was used to evaluate the deviation under various gradation and
porosity conditions (Figure II .18).

It was found that |AP| is positively correlated with both the coefficient of uniformity
and porosity. Among all the tested combinations, the group with C,, = 20.47 and n = 0.40
showed the greatest difference. Theoretically, this condition allows for the largest space for
fine particle migration, indicating the lowest internal stability, which was also confirmed
by experimental observations.

Based on this analysis, considering both the porosity n and the coefficient of unifor-
mity, along with the results of the cylindrical infiltration tests for different porosities and
coefficients of uniformity, a new method for stability judgment was proposed. This method

takes into account both the porosity n and the coefficient of uniformity (Table II .6).

Table II .6: Modified Istomina Criterion considering n and C,

Control Variable Evaluation Indicator

|AP| > 50% | C, > 20
n&Cy, 30% < |AP| < 50% & C,, < 20
IAP| < 30% & C, < 20

4 Conclusions

This chapter introduces the experimental investigation into the sensitivity of cumu-
lative mass migration rates to various factors, such as hydraulic gradient, coefficient of
uniformity, and porosity. Through experiments conducted with a self-developed rigid
cylindrical seepage visualization device on transparent fused quartz sand, the study re-
veals the relationships between these factors and the internal instability of the sample
under seepage conditions.

The results demonstrate that the hydraulic gradient has the most significant influence
on the mass migration rate, followed by the coefficient of uniformity and porosity. These

findings emphasize the positive correlation between the uniformity and porosity of the



60 Experimental Investigation of Fine Particles Migration

granular media and the stability of fine particle movement. The greater the uniformity and
porosity, the more pronounced the movement of fine particles, leading to higher cumulative
mass migration rates. Furthermore, the study highlights the non-linear development of
flow velocity during the downward seepage process, with a critical transition point marking
the shift from seepage compaction to particle migration.

The chapter also identifies five distinct characteristic states in the movement of fine
particles, with stratification occurring due to the varying ease of particle migration within
the material. These characteristic states are observed based on the visual and experimental

analysis of mass migration behavior under seepage flow:

1. No apparent particle motion (Type I): Fine particles remain stationary, and the soil

structure remains stable under hydraulic loading.

2. Individual particle motion along seepage channel (Type II-i): Fine particles show
slight vibration or rotation without significant displacement, often accompanied by

bubble formation and movement.

3. In-situ oscillation, rotation (Type II-ii): Fine particles migrate over short distances
along seepage paths, gradually accumulating and causing local clogging without

major structural change.

4. Migration beyond observation range (Type II-iii): Fine particles travel longer dis-
tances, leading to accumulation and eventual flushing of blockage as hydraulic forces

increase.

5. Large-scale particle motion (Type III): Disruption of the particle skeleton occurs,

with significant particle loss and local compaction under flow.

The study concludes that the Istonima criterion, when incorporating both gradation
parameters and porosity, provides a relatively accurate method for predicting internal
stability. It effectively accounts for the combined influence of multiple factors on granular

instability.
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Numerical Approach Dynamic
Fluid Meshs: Application to

Internal Erosion

1 Introduction

To better visualize the dynamic process of fine particle migration in soils and capture
the mechanisms of water-soil interactions, this study introduces an enhanced numerical
method: the coupling of Dynamic Fluid Mesh (DFM) and Discrete Element Method
(DEM). Building on the traditional Pore Network Model and Discrete Element Method
(PNM-DEM), this approach addresses limitations in simulating complex particle move-
ments and dynamic fluid behaviors. By dynamically updating fluid paths and pressure
fields, the DFM method effectively handles systems with high fine particle content and
significant porosity changes. Treating the fluid as a compressible medium and incorpo-
rating fluid state equations further allows the model to explore the interplay between
temperature, density, and pressure, advancing the study of multi-physics coupling.

This chapter establishes the governing equations for hydraulic interactions and material
exchange and validates the DFM-DEM approach through one-dimensional simulations
of seepage behavior. The mass migration rate and pore structure evolution at a fine
particle content of 5% are analyzed, revealing the fundamental mechanisms of suffusion.
Additionally, the potential for grid changes under different particle filling states is discussed
to optimize the fluid—solid coupling process. A comparison with static fluid grids highlights
the advantages of DFM-DEM in capturing the dynamic behavior of fine particle migration,

providing a reliable foundation for further studies and engineering applications.
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2 Coupling of DFM-DEM

Figure III .1 presents the workflow of the DFM-DEM coupling model utilized in this
study. Initially, a DEM model is established to distinguish between coarse and fine par-
ticles. A tetrahedral grid is then constructed by using the Delaunay algorithm (Persson
and Strang, 2004) in MATLAB, based on the coarse particles distribution. Subsequently,
the porosity and permeability of each fluid cell are computed considering the positions
and sizes of all particles. Darcy’s law is employed to calculate the fluid velocity field.
Assuming that the fluid is compressible, and the fluid pressure is obtained by solving the
fluid state equation. Then, the fluid-particle interaction forces are applied to each particle,
and the process is iteratively repeated. The fluid grid, porosity, permeability, flow forces,
pore density, and pore pressure are updated at predetermined time intervals. The pro-
gram terminates when the total number of steps reaches the specified limit. The following

subsections provide a detailed description for each step.

2.1 Mechanical model in DEM

In a Discrete Element Method (DEM), the relationship between force and displacement
is achieved through tangential and normal springs (III .2(a)). In this paper, the force-
displacement relationship for two elastic spheres is considered using a linear contact model
with the cut-off limits. The normal force (F),,) and relative normal displacement (X,,)

between the two contacted particles considered can be simulated using normal springs

Figure III .1: The flowchart of the proposed numerical approach
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between the particles:

KnXn Xp <X
F, = (111 .1)

0 X, > Xy

here, the X,, is the relative displacement between the two connected particles, as shown
in Figure III .2(a). It is defined as positive in traction; and negative, that means the
supposition part of the two connected particles, is in compression. And the X is defined
as the cut-off for the traction, it is the function of the strength in traction of material, the
stiffness of the springs and the radius of soil particle. The K, is the normal stiffness of

the normal spring between the two connected particles, as shown in Figure I1I .2(a).

(a) (b)

Figure III .2: Mechanical relationships in the linear spring contact model

Similarly, the shear force (F;) and shear displacement (X,) of the tangential spring

between the same connected particles pair, as shown in III .3(b), have the relation as:

(a) (b) ()

Figure III .3: Force-displacement law for the linear component of the linear-based mod-
els: (a) normal force versus relative normal displacement, (b) shear force versus relative

shear displacement, and (c) slip envelope



6The Dynamic Fluid Mesh Approach and Its Application to Fine Partices Migration

F, = KX, (111 .2)

here, K, is the stiffness of the tangential spring.
The tangential spring also has a failure criterion, which is based on the Mohr-Coulomb

criterion (Place and Mora, 1999), as:

Fomaz = Fso — ppkn (III .3)

where Fgpq: is the maximum shear force, Fy is the initial shear strength due to the
cohesion between the connected particles, and p, is the coefficient of friction between
them.

Furthermore, it is worth mentioned that the dynamic integration process is adopted
in our numerical approach (DEM), and the energy dissipation processes is essential for
reproducing the real scenarios in the soil. Energy dissipation is typically guarantee by

damping and/or viscosity. Liu et al. (2013) defined the global damping (F3) as:

F, = nz’ (I1T .4)

where z’ is the current velocity of the element and 7 is the viscosity.
Thus, when considering the deformation of a discrete element assembly under force
equilibrium, it can be generalized as a spring-mass system, described by the equation as

following:

mz” +nx’ +kx =0 (I1T .5)

where x’’ is the current acceleration of the particle element, x is the current displacement
of the particle element, m is the mass of current particle, k is the global stiffness of all the

connected spring of the particle considered.

2.2 DFM and fluid calculations

In this study, the fluid calculations, namely the permeability and fluid velocity, are
based on the Dynamic Fluid Mesh (DFM). The DFM was constructed based on the posi-
tions of coarse particles, without considering the influence of coarse particle mass on the
mesh centroid, as shown in ITT .4(a). Percolation paths connected two tetrahedral mesh
centroids, with their length being the distance between the two centroids. In IIT .4(b),

material exchange within each fluid mesh took place through every face of the tetrahedra.
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However, these material exchange faces were irregular triangles, with areas overlapping

coarse particles that hindered fluid exchange.

(a) (b)

Figure 111 .4: Illustration of material transport in the fluid grid

In reality, the effective volume and effective permeable surface of the permeation do-
main take into account both the volume of coarse and fine particles. To obtain the porosity
of each tetrahedron, the combined volumes of coarse and fine particles within each tetra-
hedron are calculated separately. For coarse particles, the volume of tetrahedra embedded
within the particles is first calculated. Then, a volume correction factor is applied to
the embedded tetrahedra to add a small additional volume near the spherical boundaries.
Furthermore, to provide geometric continuity and avoid spurious boundary effects, a vir-
tual particle is inserted at the tetrahedral nodes located on the outer boundary (III .5).
Subsequently, the volume of coarse particles within the tetrahedra is calculated using the
same method, with a coefficient slightly larger than that applied to prevent the formation
of large flow channels at the boundary before. This represents the boundary of the rubber
membrane in the experiment (Chang and Zhang, 2011). For the fine particles, the total
volume is recorded within the tetrahedron where the particle’s center of mass is located.

The porosity (¢) is calculated as follows:

Viet — Veoarse — Vfine
0= -
tet

(111 .6)

where ¢ is the porosity calculated, Vi is the volume of the polyhedral mesh, V ourse is the
volume of the coarse particles embedded in current tetrahedron, and V. is the volume

of the fine particles included in current tetrahedron.
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Figure III .5: Insertion of a virtual particle at the boundary for computation purposes

The permeability is obtained using the Kozeny-Carman equation (Carman, 1956;
Kozeny, 1927):
3
K=o ‘%252 (I .7)
where K is the matrix permeability, ¢ is the Kozeny-Carman constant (dimensionless),
and S is the specific surface area of the solid phase.
The Kozeny-Carman equation has been reformulated to incorporate more geometric

information based on the average particle diameter d2, (Sullivan and Hertel, 1942). For

spherical grains, the two parameters d,, = % and ¢ = 5 are given, and the equation
becomes:
d;,¢°
=—"7 11T .8
180(1 — ¢)? ( )

where d,,, is the average diameter of the fine particle.

The flow with low Reynolds number in porous media is described by Darcy’s law:

K
v=——Vp I .9
po ( )

where v is the fluid velocity, p is the fluid pressure, and p is the dynamic viscosity of the
fluid.
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2.3 Interaction forces

It is evident that the case we considered is fully hydro-mechanical coupling. After the
application of fluid, the particles experience forces exerted by the fluid, which influence
their movement. For coarse particles, the fluid primarily acts on them through pressure,

and the force exerted by the fluid on the coarse particles is given by:

Fr=) piS; (IIT .10)

where p; is the pore water pressure and 5; is the surface area of the particles within the
i-th fluid mesh.

As for fine particles, they are more influenced by the fluid, and the interaction between
the fluid and the particles is primarily composed of drag force and buoyancy. The drag

force is calculated based on the following formula (Di Felice, 1994):

Fy = FypX (I11 .11)

where Fy is the drag force exerted by the flowed fluid on the particles, Fj is the drag force
on an individual particle, ¢ is the porosity as given in Eq.(III .6), and x is the Di Felice
correction factor for porosity, which is dimensionless.

The drag force on an individual particle can be calculated using the following formula:

1
Fy = §Cdpf7rr2 |lu —v| (u —v) (I1T .12)

where Cy is the drag coefficient (dimensionless), ps is the fluid density in kilograms per
cubic meter, r is the particle radius, v is the fluid velocity, and u is the velocity of the
particle.

The drag coefficient is defined as (DallaValle, 1948):

4.8

Cq=0.63 + (I1T .13)
\/ Rep
where R, is the Reynolds number.
The Di Felice correction factor y is given by:
—(1.5 — log(Rep))?
X = 3.7 — 0.65exp |~ ;’g(R ) (111 .14)
The Reynolds number is calculated as:
9 _
R, — 2rlu=vl (11T .15)

I
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Therefore, the force exerted by the fluid on a fine particle is given by:

47r?
3

where, 472{2 prg represents the buoyant force acting on an individual fine particle.

2.4 Coupling Process

According to Newton’s second law, the balance equation is given as:

681; = W + (I1T .17)
where u is the velocity of the particle, ¢ is the time, F,, is the mechanical force acting by
the particles connected with current one, F; is the fluid force acting on current particle,
m is the mass of the particle, and g is the gravitational acceleration.

Therefore, the balance equations, for coarse particles and fine particles respectively,

are given as:

Ou  KnXn+nu+3piS;
ot m

+g (I11 .18)

Ou  KnX, +nu+ (3Cqpgmr? |u —v| (u—v)) ¢~X — 8psg
ot 6m

In our study, it is supposed that the fluid is compressible, and thus the fluid pressure

+g (I11 .19)

is the function of the temperature and the density of the fluid. The state equation for the

fluid then can be written as:

p=f(ps.T) (11T .20)

Zhu et al. (2023) try to obtain the relationship between the pore pressure and the
volumetric mass of water under saturated vapor pressure and constant temperature, via
the best fitting. In case of isothermal process, taking 20°C as an example, the equation

simplifies to:

pr—999.75
=—— 1T .21
P= 4615 x 107 (I .21)
The volumetric mass of the fluid, water for example, is then given as:
M
Py (11T .22)

‘/tet - ‘/coarse* Vfine
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here, M is the mass of water in the tetrahedron at the given instance before the material
exchange. The flow rate through the current considered pore for a given time step is
defined as Q:

Q=Y n;- v;A A (111 .23)
j=1

where mn; is the normal vector of the flow surface j, v; is the velocity of the incoming fluid
unit corresponding to the flow surface j, A; is the effective flow area of each unit surface,
and At/ is the duration of the seepage in current time step.

The new mass of the fluid in the current tetrahedron for the next time step, is then

updated as:

M' = My + Qpy (IIT .24)
Finally, we obtain the coupled equation for fluid pressure and particle motion:
Mo+ 320 njvi A; At pp — 999.75V (x)

P= 4.615 x 107V (x, y, 2)

where V(x,y, z) is a function of the particle’s position.

(111 .25)

2.5 Model validation

To validate the performance of the adopted method, a one-dimensional fluid-solid cou-
pling problem is considered initially. Then, this problem is extended to three dimensions,
and the DEM-PNM predictions are compared with finite element analysis results. After
confirming the effectiveness of the coupled field equations, the development of fine particles
migration within the soil in a three-dimensional domain is demonstrated.

Figure III .6 presents the geometric shape of the validation model for soil seepage
and the applied boundary conditions. The height of the sample is L = 1 m. The upper
surface (at z = 1 m) is subjected to a constant pressure p; = 1 x 10° Pa, while the initial
pressure inside the soil sample is pg = 0 Pa (barometric pressure). The soil skeleton is
considered to be a homogeneous material with a porosity ¢ = 0.2. The permeability of
the material, K, is specified as 1.0 x 10719 m?, and the dynamic viscosity of the fluid, u,
is specified as 1.01 x 1072 Pa - s. In the numerical computations, the model is constructed
by considering 100 material points (Figure III .6 ), with the diameter of an individual
particle of Az = 0.01 m, and a time step chosen as At/ =1 x 10710 s. All displacements
are constrained, and only seepage flow occurs. The investigated soil sample is assumed to

be fully saturated, with the assumption that the fluid is compressible.
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Figure IIT .6: Geometric shape of the soil seepage validation model and pre-scribed

boundary conditions

When considering the one-dimensional seepage problem, for a given representative
elementary volume (REV), the flow conservation is given by:
oQ

a5 +div(v) =0 (IIT .26)

With respect to the definition of density, this equation can be transformed into:

d(m/py)
ot

Taking into account the influence of porosity, this equation can be modified as:

+div(v) =0 (I1I .27)

o(®Ve/ps)
ot

The flow of low Reynolds number fluids in porous media is described by Darcy’s law:

+div(v) =0 (IIT .28)

2 (pVo/py)

oler) gy [K H¢grad(p)} ~0 (IIT .29)

Hg
Furthermore, if we only consider the one-dimensional problem of hydraulic head vari-

ation, the governing equation is given by:

oV op K 82p

7T - - 11T .30
ps Ot  4.615 x 10~"H¢ 0x? ( )

Indeed, the computation of parabolic partial differential equations using the finite

element method is well-established (e.g., for the heat equation). Therefore, the finite
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Figure III .7: The comparison of FEM and DEM (1D) calculation results: Lines repre-
sent the results of FEM calculations, while dots represent the results of DEM calculations

with the proposed approach

element computation results are considered reliable. The hydraulic head variation of this
1D model was computed using the DEM and compared with the results obtained from the
Finite Element Method (FEM) (Figure III .7). It can be observed that the results from
both methods exhibit good agreement, indicating the accuracy of this method within the
DEM framework.

It should be noted that in 3D seepage calculations, the fluid grid is defined using
tetrahedral structures, and the manner of fluid transport and pathways differs from the
1D case. Therefore, we validated the 3D tetrahedral grid model using the results obtained
from the 1D computations. For the aforementioned model computation, Figure III .8
shows the distribution of fluid pressure obtained using the tetrahedral grid method at a
time of 1 x 107 s. Each red point represents the pressure of a fluid grid, and the blue line
represents the validated results obtained from the 1D computation. It can be observed
that the 1D and 3D results exhibit good consistency but also show some differences. The
main reason for this discrepancy is that the 1D model assumes a square seepage area and
complete uniformity in particle packing. In comparison, the 3D model better reflects the
actual conditions. Based on the aforementioned work, we believe that the tetrahedral grid

model can be applied to more complex geotechnical problems.
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Figure III .8: Distribution of fluid pressure in the validation model computed using the

tetrahedral grid method at a time of 1 x 1076 s

3 Results and discussions

3.1 Modeling and testing of fine particles migration

In this study, the pipeline particle migration process is similar to the laboratory setup
by Fleshman and Rice (2014). In the initial stage, a uniform hydraulic gradient is applied

to the soil sample to avoid any converging or diverging flow conditions.

3.1.1 Model setup

As shown in Figure III .9(a), the rectangular soil (sand) sample in this study is modeled
with dimensions of 10 mm (length) x 10 mm (width) x 20 mm (height). Prior to applying
the flow, the particles are randomly generated and the settle is not allowed. The flow
domain is determined by the tetrahedral structure formed by the coarse particles. It
should be noted that, unlike the validation model, here the volume of the tetrahedra is
calculated based on Eq.(III .6). Since the tetrahedral grid on the boundary is established
based on the virtual particles, their volumes are also calculated based on the position of the
virtual particles, which replace the real volumes. The model setup for the boundary using

real and virtual elements is illustrated in Figure I1I .9(b) and Figure III .9(c), respectively.
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(a) (b) (c)

Figure III .9: The numerical model construction process: (a) particle-packed soil sample:
depicts the geometry of the soil sample with particle packing, (b) fluid grid partition
before boundary treatment: illustrates the partitioning of the fluid grid before applying
the boundary treatment, (c) fluid grid partition after boundary treatment using virtual
particles: displays the partitioning of the fluid grid after implementing the boundary

treatment with the use of virtual particles

3.1.2 Materials and parameters

In this study, a granular sample with a graded distribution of particles is generated by
packing particles in a rectangular empty box Figure III .9(a), and the input parameters
are listed in Table 1. In the specimen, the entire model’s porosity has been set to 0.25.
Sand grains are modeled as perfect spheres, with the average diameter of coarse particles
being 5 times larger than that of fine particles. The study takes into account the friction
coefficient between particles but does not consider the effects of angularity. Fine particles
constitute 5% of the total weight of the specimen. In the numerical samples, the particle
sizes of both coarse and fine particles are linearly distributed within the specified range.
The fluid enters from the top and exits from the bottom of the model (Figure III .5). The
sand grains are modeled as perfect spheres. The soil particles are considered to be perfect
spheres. In DEM, the selection of Young’s modulus serves as a preparatory step in our
simulation. Its significance lies in its crucial role in determining both the DEM time step

and particle overlapping. In existing numerical studies, the Young’s modulus is defined in
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a wide range, from 105 Pa to 10'° Pa (El Shamy et al., 2010; Xiong et al., 2021b; Yang
et al., 2019b; Zhou and Ooi, 2009; Zhou et al., 1999, 2010, 2011). Considering that a
smaller Young’s modulus allows for larger time steps without significantly affecting the
physical behavior of the particle system (Chand et al., 2012), a Young’s modulus in the
order of 1.0 x 10? Pa is chosen in this study, ensuring sufficiently small particle overlap.

Table III .1 contains the other parameters used in this study.

Table III .1: Parameters of the model

Shape Cube Porosity 0.25
Particles

Density 2650 kg/m3 Friction coefficient 0.5

Young’s modulus 1.0 x 10° Pa Poisson ratio 0.2

Time step 1.0x 107" s

Coarse particles Fine particles

Diameter 1.6 — 1.8 mm Diameter 0.26 — 0.34 mm
Normal stiffness 4.5 x 108 N/m Normal stiffness 8.0 x 10° N/m
Tangential stiffness 8.0 x 107 N/m Tangential stiffness 1.8 x 10° N/m
Particle number 554 Particle number 5195

Fluid

Dynamic viscosity 1.0 x 1072 Pa -s Gravitational accelera- 9.8 m/s?

coefficient tion

Time step 1.0 x 107° s

The other parameter considered in the model is damping, which measures the ability of
energy dissipation during particle collisions. Critical damping is used to dissipate energy
effectively. In this study, we set the critical damping at 1%. For multi-element systems,
the optimal damping can be obtained using the following semi-empirical formula (Chun
et al., 2017):
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d

where V represents the volume of the model, d is the diameter of the element, m is the
mass of the element, k is the stiffness of the element.

Apart from the Young’s modulus and critical damping, the parameters such as the
Poisson’s ratio and friction coefficient are given in Table IIT .1. The Poisson’s ratio is
considered to have a minor influence on the macroscopic behavior, therefore typical values
are assigned to the particles and boundary elements. The choice of friction coefficient
between particles is not a trivial matter for PNM-DEM simulations, as the critical state
friction angle increases with the increase in the interparticle friction angle, according to
Horne’s theory. In this study, the friction coefficient for particles is set to 0.5 (Cavarretta
et al., 2010; Fall et al., 2014). Regarding the influence of water flow on the interparticle
friction coefficient, there is currently insufficient research. Fall et al. (2014) indicates
that the sliding friction on sand can be greatly reduced by adding some but not excessive
amounts of water. In this study, the soil is fully submerged, so there is no further reduction
in the friction coefficient. As for the fluid phase, a compressible and laminar Newtonian
fluid flow is assumed. In the case of pipe mass migration, the fluid medium is water, and
the flow remains in a relatively low Reynolds number regime.

After the simulation, a further check on the Reynolds number of the particles was
conducted. It was found that under the hydraulic gradient used in this study, the Reynolds
number of the particles ranged from 0 to 600, indicating a well-established laminar flow
regime. Throughout the simulation, the particles underwent 100 iterative motions while
the fluid was updated once. The density and viscosity of the water, along with other

fundamental properties, can be found in Table III .1.

3.1.3 Boundary conditions

In traditional laboratory pipe experiments, the hydraulic gradient along the soil sample
is typically controlled by two separate water tanks. In this study, the hydraulic gradient
is derived from the equivalent pressure difference, i.e., i = % = %, where Ah is the head
difference across the sample, L is the sample height, Ap is the applied hydraulic pressure
difference between the inlet and outlet boundaries, and g is the acceleration due to gravity.
In the numerical simulation, the pressure difference between the inlet and outlet boundaries
is set to 10 kPa and 0 kPa, respectively, resulting in a linear distribution of water pressure
within the sample. It should be noted that the hydraulic pressure difference is the ratio of

pressure difference to water density. In the experiments conducted by Fleshman and Rice
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(2014), the inner wall of the container was coated with a layer of sand grains. Therefore,
in our simulation, the mechanical properties of the wall are set to be the same as those of

the particles.

3.1.4 Calculation results

In the testing of the model, the simulation was run for a total of 0.05 s. As shown
in Figure III .10(a), the model was divided into five zones (labeled I-V), and the mass of
fine particles in each zone was monitored. The particle content, defined as the ratio of
the mass of fine particles in each zone to the total mass of fine particles in the model, is
plotted in Figure III .10(b). It can be observed that the particle content varies the most
in Zone V and the least in Zone IV. The particle content in Zones I and IT decreases with
the infiltration time, while the particle content in Zone V increases with the infiltration
time. The particle content in Zones III and IV shows little variation, indicating that the
particle clogging and loss are balanced. It is worth noting that the particle migration in
Zone I has not stabilized. Therefore, in subsequent calculations, a longer duration was
considered to determine the critical particle content for stable particle migration, which
will help address some important engineering issues.

Figure III .11 shows the variation of particle content in Region I over time, depicting
the evolution of mass migration in three stages: initial stage, deceleration stage, and
stable stage. In the initial stage, particles in the region are mobilized by fluid flow and
gravity. During this stage, a significant amount of fine particles is transported, leading to
a rapid increase in fluid velocity within the pores. The mass migration curve exhibits a
roughly linear trend during this stage. In the deceleration stage, the mass migration rate
gradually slows down, and the fluid velocity within the pores stabilizes. In the stable stage,
the particle migration process tends to reach a steady state, with fluid velocity within the
grid remaining nearly constant. During this process, a discontinuity in the mass migration
rate (highlighted in red in Figure III .11) indicates a rapid loss of fine particles in localized
pores during that period, highlighting the high sensitivity of particle migration in these
regions.

In Figure III .12, we have sliced the simulated specimen along the x = 0.05 plane,
and we can observe the difference in particle distribution at two different time points:
0 s and 0.05 s. The seepage process can be divided into two states: particle clogging
and erosion. When particles accumulate in a pore, the porosity decreases, resulting in a
decrease in seepage velocity and a smaller fluid force acting on the particles, leading to

particle clogging. Conversely, as fine particles are washed away under seepage, the porosity
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(a) (b)

Figure III .10: Illustrates the variation of particle content: (a) The model is divided
into five regions (labeled as I-V) when the infiltration duration is 0.05 s. (b) The ratio of
the mass of fine particles in each region to the total mass of fine particles in the model is

monitored

Figure III .11: Variation of cumulative mass migration rate over time in Region I

increases, and the fluid force becomes stronger, resulting in significant erosion.

Figure III .13 shows the distribution of fluid velocity at different times. It can be
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(a) (b)

Figure III .12: Cross-sectional profile of the model along the x = 0.05 plane at two
different time points: 0 s and 0.05 s

observed that the distribution of fluid velocity remains relatively stable over time. To
further investigate the variation of flow velocity during the migration process, we analyzed
the average velocity in Region I (as shown in Figure III .14). The average flow velocity
in this region initially increases and then stabilizes over time, which is consistent with the
relationship between cumulative mass migration rate and time shown in Figure III .11.
This indicates that after fine particle migration occurs, the increase in porosity leads to

an increase in fluid velocity.

3.2 Development of the dynamic fluid mesh

In gap-graded soils, the content of fine particles has a significant impact on the internal
particle arrangement of the soil. When the content of fine particles is high, the internal
particle arrangement becomes more complex.

Specifically, an increase in the content of fine particles leads to the occurrence of more
underfilled, filled, and overfilled states within the soil Figure III .15. These different
filling states affect the pore channels and particle skeleton structure of the soil, thereby
influencing the stress state of the soil.

Previous studies have demonstrated that an increase in fine particle content inten-
sifies particle migration processes within soils (Shire et al., 2016). A higher proportion

of fines tends to exacerbate soil instability by altering pore structure and impeding fluid
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Figure III .13: Variation of fluid velocity during the migration process: the red arrows

indicate higher fluid velocities, resulting in faster mass migration rates

Figure III .14: Variation of average velocity magnitude in Region I with time

flow. Specifically, fine particles can accumulate within pore spaces, leading to clogging
that restricts seepage channels, increases internal hydraulic resistance, and consequently

amplifies the rate and extent of mass migration.

However, the behavior of underfilled and overfilled soils is more complex. In these

states, both the clogging effect of fine particles and the weakening effect of coarse particles



80he Dynamic Fluid Mesh Approach and Its Application to Fine Partices Migration

Figure III .15: Three Filling States of the Soil (Ouyang and Takahashi, 2016): (a)
Underfilled; (b) Filled; (c¢) Overfilled

influence the soil. The clogging effect of fine particles can slow down the onset of particle
migration, while the weakening effect of coarse particles promotes it. Therefore, at higher
fine particle contents, the internal particle arrangement of the soil becomes more complex,
requiring further research to better understand the influence of fine particles on the soil’s

stress state and migration dynamics.

Given the above background, the Dynamic Fluid Mesh (DFM) method is an effective
simulation tool that can accurately describe the complex stress state and particle struc-
tural changes in the soil (Zhang et al., 2020). It is particularly useful in the computation
of interactions between fluid and solid phases. In the soil, when the particle skeleton un-
dergoes movement during loading or seepage processes, the dynamic fluid mesh method
can capture the deformation of the mesh. When significant movements of coarse particles
occur, the mesh is reconfigured into a tetrahedral structure to adapt to the new parti-
cle positions. Especially when considering the scenario of fine particles overfilling into
the pores of coarse particles, the dynamic fluid mesh method can handle large particle
displacements and ensure that the mesh structure in the computation remains consistent

with the actual situation.

In the DFM method, a key issue is how to regenerate the hydraulic conditions. In this
study, we recorded the pressure and positions of tetrahedral mesh in each cycle. Before the
next cycle calculation, we called the old (previous cycle) fluid mesh data, found the closest
old mesh, and assigned the hydraulic conditions to the new mesh (Figure 11T .16). This
way, even if significant displacements of coarse particles occur, the redefined tetrahedral

mesh and the fluid solver conditions are updated promptly, ensuring the accuracy of the
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computation.

Figure III .16: Data assignment search after fluid mesh position changes in the DFM
method

In summary, the dynamic fluid mesh method holds significant value in simulating
the mechanical behavior and structural changes of soil with a higher proportion of fine
particles. This approach effectively captures particle movement and reassembly, enhancing
the accuracy and reliability of computational results. Nonetheless, further experimental
and numerical investigations are necessary to comprehensively understand the impact of
fine particle content on soil stress and its correlation with fine particle migration behavior.
To provide more insights, we conducted simulations for an additional model with 30% fine
particle content and 0.4 porosity, maintaining the same parameters as the previous case.
Notably, this model exhibited more pronounced fine particle loss and consequential mesh
changes (Figure III .17). In conclusion, this method adeptly models the motion of coarse

particles and efficiently updates the mesh.

4 Conclusions

This chapter introduced a novel DFM-DEM coupling method to simulate fine particle
migration in embankments. The model effectively captured permeability changes due to
particle movement and their feedback on fluid interactions. A layered analysis approach
provided a realistic representation of mass migration evolution in gap-graded soils.

The results indicate that particle migration evolves through three stages: an initial
linear increase, a deceleration phase, and a stable phase where migration nearly ceases.
Seepage behavior alternates between particle clogging (reduced porosity and velocity) and

active migration (increased porosity and fluid effects). The method also performs well in
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(a) (b)

Figure IIT .17: Changes in fluid mesh before and after particle migration: (a) Before
migration, (b) After migration. The blue circles in the figure indicate the main areas where
mesh changes occur. The mesh is shown in opaque, while particles are shown transparently

within the blue circles

dynamic fluid grids, accurately modeling particle movement and soil mechanics.
However, two limitations remain: difficulties in precisely calculating porosity in flat-
tened pores and potential inaccuracies in water pressure estimation when fine and coarse
particle sizes are similar. Future improvements, particularly integrating Lattice Boltz-
mann Method (LBM) techniques, could enhance model accuracy in simulating fine particle

movement and mass migration dynamics.



Chapter IV

Numerical Simulation of the
Impact of Multiple Factors on the
Suffusion Sensitivity of

Accumulated Granular Materials

1 Introduction

Soil instability induced by seepage is a complex process governed by the interplay
among soil structure, hydraulic conditions, and particle-scale interactions. Although ex-
perimental investigations have provided valuable insights into the underlying mechanisms,
significant challenges remain in capturing the dynamic evolution of soil porosity, fine par-
ticle migration, and the development of preferential flow paths under varying hydraulic
forces. Numerical modeling serves as a powerful tool to complement experimental studies,
allowing for a detailed investigation of these processes at both macroscopic and micro-
scopic scales. By integrating numerical simulations with experimental observations, a
more comprehensive understanding of seepage-induced mass migration can be achieved,

ultimately improving predictive capabilities for geotechnical applications.

This chapter presents a numerical study using the Discrete Element Method coupled
with the Dynamic Fluid Mesh (DEM-DFM) to simulate fine particle migration in granular
materials. The model evaluates the effects of initial porosity, hydraulic gradient, and fine
particle content on the progression of mass migration. By analyzing key parameters such

as sample porosity, mass migration rate, fine particle displacement, and local particle



Impact of Multiple Factors on the Migration Sensitivity of Fine Particles in
84 Granular Soils

movement characteristics, the study provides a detailed assessment of how soil structure
evolves under hydraulic forces. Additionally, the influence of fine particle content on
mass migration is examined to determine its role in clogging behavior and permeability
evolution. Experimental data are used to validate the numerical approach, ensuring its
reliability in capturing particle migration behavior. The findings contribute to refining
predictive models of seepage-induced soil instability and enhancing the understanding of
granular structure evolution under hydraulic loading, providing valuable guidance for the

design of geotechnical systems resistant to fine particle migration.

2 Model setup

To calibrate and validate the numerical model, a seepage-induced particle migration
experimental setup wasestablished, as illustrated in Figure IV .1. The configuration,
components, and operational procedures of this setup are identical to those described
earlier in Chapter II , specifically in Figure II .1. This apparatus primarily consists of
a gradient-controlled water supply system, an particle migration specimen container, an
eroded particle collection device, and a seepage water collection system. The experiment

was conducted in a cylindrical acrylic barrel with a diameter of 100 mm and a height of

Figure IV .1: Schematic diagram of the fine particle migration test apparatus
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250 mm. The water inlet, positioned above the sample, was regulated by the water supply
system to adjust the hydraulic head (hydraulic gradient). Simultaneously, a collection
device was employed to gather eroded particles and outflow water. Additionally, imaging
equipment was utilized to observe internal changes. Fused quartz sand, known for its
minimal impurities and stable properties, was used as coarse particles in transparent soil
experiments Figure II .2(a). Since the internal movement of fine particles could not be
directly observed, dyed colored sand was substituted for particles smaller than 0.25 mm
during sample preparation to enable tracking Figure II .2(b). The particle size distribution
(PSD) of these particles is represented by the black line in Figure IV .2. In this setup, a
coarse sand buffer layer was placed atop the sieve, containing coarse sand with diameters
greater than 2 mm (larger than the sieve aperture). The gradient-controlled water supply
system comprised a water tank and an overflow pipe. The overflow pipe was positioned at
the same level as the top of the cylindrical specimen, with the hydraulic head controlled
through the overflow outlet. To maintain a stable and controlled hydraulic gradient during
the simulation, a gradient-controlled water supply system was implemented. This system
consists of a fluid inlet at the top boundary and an outlet at the bottom, where fluid is
introduced at a constant pressure while the outlet is maintained at atmospheric pressure.
By applying a fixed pressure difference between the inlet and outlet, a stable hydraulic
head is established across the sample. This setup ensures a consistent hydraulic gradient
throughout the seepage process. In this study, experiments were primarily conducted
under hydraulic heads of 0.2 and 2.0.

In this chapter, simulations were performed on cylindrical specimens that matched
the dimensions of the experiments (Figure IV .3(a)). As shown in Figure IV .2, the
particle size distribution (PSD) used in the numerical simulations differs from that of the
experimental material. To reduce computational complexity while retaining key features
relevant to fine particles migration, a simplified binary PSD was employed, consisting
of coarse particles (10-20 mm) and fine particles (2.5 mm). This simplification follows
common practice in DEM studies (Wang et al., 2022b; Zhu et al., 2020). Although the
PSD is not identical to the experimental one, it preserves the contrast in grain sizes and
fine content (15%) necessary to study fine particle migration under seepage flow. The
observed trends in particle migration behavior are thus expected to remain qualitatively

consistent with physical phenomena.

During model generation, a rigid shell was created using a cylinder and a disc. Subse-
quently, the circular disc at the bottom was replaced by a square-shaped filter to better

represent drainage conditions. The outlet filter is modeled as a fixed square mesh with
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Figure IV .2: The particle size distribution of the sample used for experimental and

numerical comparisons

openings of 10 mm x 10 mm (Figure IV .3(b)), which is approximately four times the diam-
eter of the smallest particles. This configuration allows fine particles to pass through under
hydraulic flow. Gravity was applied during sample preparation and allowed to stabilize
prior to the application of hydraulic gradient. No fine particle migration was observed un-
der gravity alone in the absence of fluid flow. Tetrahedral meshes were established based
on the positions of coarse particles in the domain, with approximate treatment at the
boundaries to ensure free movement of fine particles within the domain. The boundary
conditions for the fluid were considered as unidirectional flow, with fluid entering from the
top and exiting from the bottom. The surrounding surface was treated as impermeable

boundaries.

2.1 Model parameters

Due to the current research focus on the interaction between fluid and particles, as
well as between coarse and fine particles, the damping coefficient in the Discrete Element
Method (DEM) is set to 1% of the optimal damping to reduce intense collisions between
high-energy particles (Liu, 2021b). To ensure computational efficiency and maintain the
particle model's stiffness similar to the experimental material, the particle's elastic modu-
lus is set to 9.0 x 107 Pa (Zhou and Ooi, 2009), with normal and tangential stiffness values
set at 6.0 x 10° N/m and 1.0 x 10° N/m (Zhang et al., 2020), respectively. In this study, a
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(a) (b)

Figure IV .3: Numerical model of the specimen and percolation device: (a) Cylindrical
specimen, where blue spheres represent coarse particles and red spheres represent fine
particles; (b) Shell restricting the displacement of the specimen, with a solid disc on top

and a 10 mm-wide filter at the bottom of each cell

sliding friction coefficient of 0.5 is applied. Only spherical particles are used, and rolling
resistance is not included. Thus, the influence of particle angularity and shape is only
partially captured (Li and Smith, 2023, 2025).

Regarding the fluid, it is assumed to be a Newtonian fluid with a dynamic viscosity
of 1.0 x 1073 Pa-s, matching the properties of pure water at a pressure of 100 kPa and a
temperature of 20°C. The time step for particle motion in the DEM simulation was set to
1.0 x 1075 s. This value was chosen to ensure numerical stability based on the critical time
step criterion, which depends on particle stiffness and mass. Specifically, the critical time

step, At, was estimated following the approach described by Li and Smith (2025), where

At <, /kﬁ (IV .1)

with m being the particle mass and k, the normal contact stiffness of particles.

For fluid calculations, the time step is chosen to ensure convergence of the pressure-
velocity coupled fluid phase equations (Muhammad, 2021), set to 1.0 x 10~*s in this study.
Other parameters are listed in Table IV .1.
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Table IV .1: Input parameters used in the numerical simulation

Parameters Value Unit

DEM solid phase

Density 2650 kg/m3
Porosity 0.4

Young’s modulus 9.0 x 107 Pa
Friction coefficient 0.5

Poisson ratio 0.2

Normal stiffness 6.0 x 10° N/m
Tangential stiffness 1.0 x 10° N/m
Time step 1x10°6 S
Gravitational acceleration 9.8 m/s?

Fluid phase
Fluid viscosity 1x1073 Pa-s

Time step 1x 1074 S
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2.2 Model validation

In this study, we define the cumulative mass loss of fine particles relative to the total
mass of the initial sample as the mass migration rate. As illustrated in Figure IV .4,
when fine particles filter out through the mesh, we consider that the particle is completely
eroded, and its mass is accumulated in the eroded mass. Therefore, the mass migration

rate can be calculated using the following formula:

M.

= ——-—— I .2

Mme

where, m, represents the mass migration rate of the sample, M, is the total mass of eroded

fine particles, and M, is the total mass of fine particles that remain uneroded.

Figure IV .4: Illustrates the migration process of fine particles in the simulation model

In the experiments, the migration of fine particles occurs gradually, while in numerical
simulations, particle displacement happens rapidly. Therefore, we use dimensionless time
parameters to compare experimental and simulation results, but the analysis is presented
in terms of experimental time. It’s noteworthy that the onset of fine particle movement
in experiments occurs significantly earlier compared to the migration time in the model.
Conversely, in numerical simulations, particles take longer to exhibit noticeable movement,
therefore, the earlier simulation periods are not compared with experimental data.

By comparing the mass migration rates over time between experiments and numerical
simulations with hydraulic gradients of 0.2 and 2.0, the following conclusions were drawn:

Initially, the experimental mass migration rate slightly exceeded the numerical computa-
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tion. Experimental data showed a step-like change, aligning with the numerical simulation
at the turning point (Figure IV .5). In the mid-term, experimental results remained higher
than the numerical simulation. However, beyond the mid-term, experimental results stabi-
lized. In contrast, the numerical simulation did not seem to reach a stable state at the end
of the experiment. This disparity may be due to the slower movement of bottom particles
in physical experiments caused by longer flow paths or the complex pore structure facil-
itating particle deposition. To quantitatively evaluate the agreement between numerical
and experimental mass migration rates, root mean square error (RMSE) and coefficient of
determination (R?) were calculated (Figure IV .5). For the case with i = 0.2, indicating
an excellent match. For ¢ = 2.0, though the RMSE is slightly larger due to increased com-
plexity in migration behavior at higher hydraulic gradients. These quantitative indicators

further support the credibility of the simulation results.

Figure IV .5: Comparison of the proportion of eroded fine particles between experiment

and numerical simulation

3 Results and discussions

In order to investigate the migration process under the influence of different factors, we
have chosen three different levels for hydraulic gradient and initial porosity. Specifically,
the hydraulic gradient i is selected at 0.2, 1.0, 2.0, 3.0 and 4.0, while the initial porosity
(np) is chosen at 0.3, 0.35, and 0.4. This range covers both low-gradient scenarios and

higher values that can reflect localized seepage conditions in real embankment systems.
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Although hydraulic gradients in the bulk of a dam structure are typically less than 0.5, lo-
calized gradients of 2.0 or greater are frequently reported and may be sufficient to initiate
migration processes (Li et al., 2024). Therefore, the selected range allows for a comprehen-
sive analysis of fine particle migration development under realistic and intensified seepage

conditions.

3.1 influences of porosity

The evolution of the model’s porosity is closely related to the migration of fine particles.
Analyzing the variation in sample porosity initially provides insights into the particle
migration process, laying the foundation for further analysis of mass migration rates and
exploring the intrinsic factors governing particle movement. The overall porosity of the
sample is calculated by averaging the porosity of all pores using the formula:

Z;ipl U

n=='=— (IV .3)

Np

where, n represents the sample’s porosity, n; is the porosity of the i-th pore, and N, is
the number of pores.

As shown in Figure IV .6, initially, the porosity decreases to a minimum value, then
gradually increases and tends to stabilize. There are some variations in the porosity
changes under different initial porosity conditions. Moreover, under all initial porosity
conditions, the maximum porosity is not reached when the hydraulic gradient is either
at its maximum or minimum. This could be attributed to the fact that, at a relatively
low hydraulic gradient (i = 0.2), coarse and fine particles initially move more uniformly,
with fine particles not participating in the redistribution of the skeleton, leading to sample
compaction. However, at higher hydraulic gradients (i = 4.0), due to significant initial
migration of fine particles, the sample becomes compacted, resulting in the lowest porosity.

Analyzing Figure IV .5(a), when the initial porosity is 0.4, the porosity drops rapidly
at first, indicating that the sample compacts from loose to dense. The change in porosity
is controlled by the redistribution of the skeleton formed by the coarse particles. Subse-
quently, the porosity increases slowly and stabilizes, suggesting that the skeleton is mostly
stable during this phase and the porosity change is mainly influenced by the migrate of
fine particles. Figure IV .5(b) shows that, when the sample’s initial porosity is 0.35, the
porosity also decreases initially but not as significantly, indicating that the skeleton struc-
ture at this initial porosity is relatively stable. Once the skeleton stabilizes, the porosity
increases due to the loss of fine particles. In the case of an initial porosity of 0.3 (Figure

IV .5(c)), the porosity only slightly decreases before increasing, as the sample’s skeleton
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Figure IV .6: Evolution of porosity for different initial porosities: (a) ng = 0.4; (b)
no = 0.35; (c) ng = 0.4.
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is stable at the beginning. Notably, after 0.4 seconds, the porosity of the sample with a
hydraulic gradient of 4.0 increases very little, indicating that clogging is likely to occur in
the later stages under high hydraulic gradients.

Overall, the smaller the initial porosity of the sample, the more stable the skeleton.
The sample with an initial porosity of 0.4 and a hydraulic gradient of 0.2 experiences the

greatest impact from fine particle migration on its skeleton.

3.2 Particle mass migration rate

Figure IV .7 illustrates the variation in total mass migration rates of fine particles over
time for models with three different initial porosities under varying hydraulic gradients.
As infiltration progresses, the mass migration rate gradually increases, initially undergoing
an acceleration phase of differing durations depending on the hydraulic gradient. Subse-
quently, the mass migration rate (the mass of particles migrating per unit time) gradually
decreases until it stabilizes at a relatively constant value by the end of the process. When
the hydraulic gradient is larger, particle migration initiates earlier during infiltration, but
the proportion of migrating fine particles varies with the initial porosity.

Figure IV .6(a) shows the effect of different hydraulic gradients on the mass migration
rate when the initial porosity is relatively high (ng = 0.4). During the early to mid-
stages of infiltration (time < 0.35 s), the mass migration rate is highest under a hydraulic
gradient of 2.0. In the later stages, the mass migration rate peaks under a hydraulic
gradient of 4.0, where a higher gradient leads to greater particle migration. The rates for
hydraulic gradients between 1.0 and 4.0 are relatively similar, indicating that when the
initial porosity is high, further increases in the hydraulic gradient beyond a threshold of
1.0 do not significantly enhance porosity development. This analysis suggests that for a
relatively loose initial sample, a higher hydraulic gradient allows the sample to form a
stable skeleton structure more quickly while regulating the migration of fine particles.

For an initial porosity of 0.35 (Figure IV .6(b)), the mass migration rate first decreases
and then increases with increasing hydraulic gradient, before decreasing again. When
the hydraulic gradient is 4.0, the mass migration rate after 0.1 s is noticeably lower than
under lower gradients. Additionally, the porosities of the samples under the three hydraulic
gradients are nearly identical before 0.1 s, indicating that at the early stage, fine particle
movement under a high hydraulic gradient can cause clogging, resulting in a subsequently
lower mass migration rate.

In Figure IV .6(c), for the denser initial sample (ng = 0.3), the maximum mass migra-

tion rate occurs when the hydraulic gradient is 2.0. The mass migration rate first increases
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Figure IV .7: Evolution of cumulative mass migration rate: (a) ng = 0.4; (b) ng = 0.35;
(c) ng = 0.4.
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and then decreases as the hydraulic gradient rises. At 0.4 s, the mass migration rate of
the sample under a hydraulic gradient of 0.2 exceeds that under a gradient of 4.0, further
indicating that excessively high hydraulic gradients can lead to pore clogging. For samples
with this initial porosity, a stable skeleton structure forms early on, and porosity variation

is mainly influenced by fine particle migration.

Figure IV .8: Distribution plot of the effect of initial porosity and hydraulic gradient on

mass migration rate

Comparing the changes in mass migration rates under the three different porosities,
it can be inferred that, due to the effect of porosity on local flow velocity and pore size,
there exists a critical gap ratio. Below this critical gap ratio, mass migration weakens as
the gap ratio increases; above it, mass migration intensifies significantly. This conclusion
aligns with the findings of Wang et al. (2021).

To more intuitively analyze the impact of initial porosity and hydraulic gradient on
fine particle migration, the final mass migration rate and total migrated mass under each
condition were recorded (see Table IV .2). It can be observed that when the initial porosity
is 0.4 and the hydraulic gradient is 4.0, the mass migration rate is the highest. On one
hand, larger porosity facilitates the movement of fine particles within the pores, and on the
other hand, a higher hydraulic gradient exerts a stronger drag force on particle movement.

The maximum migrated mass occurs when the initial porosity is 0.3 and the hydraulic
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Table IV .2: Mass migration rate and cumulative migrated mass under different initial

porosities and hydraulic gradients

Initial Hydraulic gradient

it
POTOSILY 0.2 1.0 2.0 3.0 40

040  15.5% (60.7g) 17.7% (69.3g) 17.6% (68.7g) 18.0% (73.0g) 18.2% (71.1g)
0.35  14.4% (60.9g) 13.7% (57.8g) 14.7% (62.1g) 13.4% (56.7g) 12.5% (53.0g)

0.30  13.3% (60.4g) 15.1% (69.0g) 15.7% (T1l.4g) 14.7% (66.8g) 12.9% (58.6g)

gradient is 2.0. It is hypothesized that under higher compaction, a hydraulic gradient of
2.0 acts as a threshold for particle migration. The main reason is that at the start of
seepage, the skeleton is relatively stable, and a lower hydraulic gradient is insufficient to
mobilize fine particles, while an excessively high gradient increases the risk of clogging.
In addition, a box plot showing the effect of initial porosity and hydraulic gradient
on fine particle migration was generated (Figure IV .9). In Figure IV .9(a), it is evident
that the mass migration rate is highest when the porosity is 0.4, lowest when the porosity
is 0.35, and least affected by hydraulic gradient. Conversely, when the porosity is 0.3,
changes in hydraulic gradient have the greatest impact on mass migration rate. Although
earlier analysis showed that the mass migration rate is highest at an initial porosity of
0.4 and a hydraulic gradient of 4.0, Figure IV .9(b) further reveals that the influence
of initial porosity on mass migration is greatest when the hydraulic gradient is 4.0 and
smallest when the hydraulic gradient is 0.2. The average mass migration rate is highest at
a hydraulic gradient of 2.0, further confirming that 2.0 acts as a threshold for fine particle

migration.

3.3 Fine particle displacement during hydraulic process

To describe the process of fine particle transport, the most intuitive approach is to focus
on the changes in particle displacement. This also provides a fundamental basis for future
studies aiming to track the trajectories of representative particles (Dai et al., 2024b). We
therefore collected data on the displacement of fine particles within the sample relative to
their initial coordinates. Eq.(IV .4) was then used to calculate the average displacement
of eroded particles. It is important to note that once fine particles pass through the filter,

they are no longer constrained by pore conditions. Therefore, the displacement of filtered
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(b)

Figure IV .9: Box plot showing the effect of initial porosity and hydraulic gradient:
(a) initial porosity; (b) hydraulic gradient, the numbers above the box plot represent the
variance, indicating the magnitude of the impact of one factor on the mass migration rate

when the other factor is constant

fine particles is not included in the statistics.
N
- Std
d=="— (IV 4)
Ny

where, d represents the accumulated average displacement of uneroded fine particles, d; is

the cumulative displacement of the i-th fine particle, and Ny is the number of uneroded
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fine particles.

Fine particle migration is a process that gradually develops with the depth of the
sample. As shown in Figure IV .10, the average displacement d of fine particles increases
with migration time. Initially, the rate of increase in displacement is very high, indicating
extensive movement of fine particles and a rapid increase in the mass migration rate.
Subsequently, the rate of increase in displacement gradually decreases and approaches
stability. This trend is consistent with the overall change in the mass migration rate of
the model. Generally, a larger hydraulic gradient corresponds to greater displacement.
When the hydraulic gradients are 2.0, 3.0, and 4.0, the displacements are relatively close,
indicating that under this porosity, an increase in hydraulic gradient facilitates particle
movement, but the effect is limited due to clogging effects.

For samples with different porosities, larger initial porosities result in greater average
displacement of fine particles under larger hydraulic gradients (i.e., 2.0, 3.0, and 4.0). At a
hydraulic gradient of 4.0, samples with an initial porosity of 0.4 exhibit the greatest particle
displacement in the early stages. For porosities of 0.4 and 0.3, particle displacement
increases with the hydraulic gradient (Figure IV .9(a) and Figure IV .9(c)). However,
at a porosity of 0.35 (Figure IV .9(b)), the displacement of fine particles is minimal at
a hydraulic gradient of 1.0, while it is relatively similar across the other four hydraulic
gradients. This is primarily because, at this porosity, the sample is not compacted, and
fine particles do not contribute to the formation of the structure. The displacement of fine
particles is controlled by the aggregating effects of clogging and filtering under hydraulic
action. For the initial porosity of 0.3 (Figure IV .9(c)), the rate of change in fine particle
displacement remains high at 0.5 s for samples with a hydraulic gradient of 0.2, indicating
significant fine particle migration in the samples. This observation is consistent with the

variation in mass migration rate shown in Figure IV .6(c).

3.4 Evolution of force chains during the hydraulic process

Based on the above analysis, a close relationship was observed between fine particle
migration and the evolution of the particle skeleton. To clarify this process, we conducted
a statistical analysis of force chains within the specimen. A representative sample with an
initial porosity of 0.35 and hydraulic gradients of 0.2, 2.0, and 4.0 was selected. All contact
forces were classified into strong and weak force chains, based on the average magnitude
of all force chains at each time step.

As shown in Figure IV .11, before the onset of significant particle migration (at ¢ =

0), the force chain structure was stable, comprising both strong and weak force chains
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Figure I'V .10: The variation of fine particle displacement within the sample model: (a)
ng = 0.4; (b) ng = 0.35; (c) ng = 0.4

primarily between coarse particles. However, at the early stage of particle migration

initiation (¢ = 0.005,s), the skeleton structure became unstable due to the movement of
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both fine and coarse particles. At this point, particle contacts were sparse, and only a few
force chains existed between particles of different sizes.

As the migration process stabilized, coarse particles gradually formed a distinct skele-
ton, and some pores containing fine particles became blocked, leading to the development
of denser force chains. The total number of force chains increased over time, as shown in
Figure IV .11, indicating a transition from particle mobility to a more stable packing struc-
ture. Notably, at ¢ = 0.5,s, the number of force chains surpassed that observed prior to
the onset of particle migration, implying that despite the loss of mobile fine particles, the
remaining structure became more densely connected due to rearrangement and blockage.

In terms of force distribution, the initial skeleton was supported by both strong and
weak force chains. After the migration process progressed, the final skeleton was pre-
dominantly supported by strong force chains among the coarse particles, indicating a
mechanically stronger and more stable structure.

Furthermore, the specimen under a hydraulic gradient of 4.0 exhibited the highest
number of force chains, suggesting that a higher hydraulic gradient promotes faster stabi-
lization of the granular structure for a porosity of 0.35. This result is consistent with the
trends observed in Figure IV .5(b) and Figure IV .6(b), where lower porosity and more
pronounced particle blockage led to a lower mass migration rate. In the later stage of
particle migration, the number of force chains under all three hydraulic gradients became

similar, indicating that the blockage state of fine particles had stabilized.

3.5 Local fine particle migration characteristics

To better understand the behavioral patterns of fine particle movement under seepage,
this study conducted a statistical analysis of particle distribution changes at different
depths. In the model specimen, it was evenly divided into five layers, each with a height
of 0.05 meters, labeled from top to bottom as Layer 1 to Layer 5. We analyzed the ratio
of the mass of fine particles in each layer to the total mass of fine particles. Due to the
significant size difference between coarse and fine particles in the model, the distribution
of fine particles is not entirely uniform. Therefore, before applying a hydraulic gradient,
the fine particle content in each layer is not completely the same. In this work, we
considered the effect of different hydraulic gradients on the fine particle distribution. With
a constant initial porosity of the specimen, the variation in fine particle distribution was
generally consistent under each hydraulic gradient, indicating that the hydraulic gradient
has a limited impact on fine particle distribution. Consequently, we focused on analyzing

specimens with different initial porosities under a hydraulic gradient of 2.0.
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Figure IV .11: Evolution of the force chain state and the number of force chains at
different times (ng = 0.35): Red lines represent strong force chains, and blue lines represent
weak force chains, classified based on the average contact force at each time step. Thick
lines indicate force chains between coarse particles, while thin lines correspond to force

chains involving fine particles

Figure IV .12 shows the changes in fine particle distribution under three different
initial porosity conditions. It is evident that for different porosities, the fine particles in
the uppermost Layer 1 and the lowermost Layer 5 are continuously decreasing. Moreover,
as the porosity decreases, this decreasing trend weakens, and this fine particle reduction
mainly occurs in the early stages of seepage. The primary reason is that when the porosity
is relatively large, the structure transitions from a loose state to a dense one. In Layer
2, when the initial porosity is 0.35, the fine particles continuously increase, indicating
that this layer is prone to clogging under an initial porosity of 0.35. For Layers 3 and
4, the fine particle content shows little change compared to before the application of the
hydraulic gradient, suggesting that the inflow and outflow of fine particles in the middle
layers of the specimen are relatively balanced. This finding may be further validated in
future experiments using colored sands to trace fine particle origins, as demonstrated in

recent studies (Dai et al., 2024a).
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(c)

Figure IV .12: Changes in fine particle distribution under different initial porosity con-
ditions: (a) ng = 0.4; (b) ng = 0.35; (¢) ng = 0.4

In fact, the phenomena of clogging and filtration during particle migration occur ran-
domly within the fill material. To gain a deeper understanding of the mechanisms driving
these processes, an analysis of local particle behavior within the sample was conducted.
A representative region beneath the specimen with an initial porosity of 0.35 was selected
(Figure IV .13(a)), representing a local accumulation area of particles. Figure IV .13(Db)
illustrates the evolution of particle accumulation in this region under three hydraulic gra-

dients.

Under hydraulic action, fine particles move through the throats between coarse par-
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ticles. When the hydraulic gradient is 4.0, particle migration is significantly reduced
compared to gradients of 2.0 and 0.2. The gaps between the upper coarse particles pro-
vide pathways for particle transport, while the lower pores show notable differences under
the three hydraulic gradients. At a gradient of 4.0, a blocking phenomenon occurs (Figure
IV .13(c)), whereas at gradients of 0.2 and 2.0, most fine particles pass through the pore
network. The number density of fine particles in this local region was quantified (Figure IV
.13(d)). Under a hydraulic gradient of 4.0, the number density initially increases rapidly
before decreasing, but remains generally higher than the initial state, indicating that lo-
cal clogging dominates. In contrast, at gradients of 0.2 and 2.0, the number density is
lower than the initial state, showing that fine particles are efficiently transported through
the pore network. These results highlight that excessively high hydraulic gradients can

promote particle aggregation and clogging within local pore regions.

3.6 Influence of fine particle content

In previous studies, it has been suggested that a fine particle content around 15%
may serve as a critical threshold between underfilling and filling (Ouyang and Takahashi,
2016). Clearly, the content of fine particles is a crucial indicator that determines their
involvement in the formation of the specimen’s skeleton. Therefore, fine particle content is
another important factor deserving attention. Although previous studies have investigated
the fine particle content of samples with specific gradations, there seems to be a lack of
explicit focus on the role of fine particles in the skeleton.

In this context, we briefly discuss the impact of varying fine particle content on the
mass migration rate. Considering an initial porosity of 0.35 and a hydraulic gradient
of 2.0 as representative conditions in this study, samples with fine particle contents of
5%, 10%, 13%, 15%, 17%, and 20% were selected for calculation and analysis. The
changes in mass migration rates at different fine particle contents were obtained (Figure
IV .14). It is evident that when the sample is insufficiently filled with fine particles (5%-
10%), the mass migration rate decreases as the fine particle content increases. When the
fine particle content reaches 20%, the final mass migration rate is higher than that of
samples with 10%-15% fine particle content. Additionally, within the first 0.1 seconds of
particle migration, the sample with 20% fine particles exhibits an initially slow migration
rate, followed by a rapid increase. This behavior can be explained as follows: when
fine particles are insufficiently filled, they do not contribute to the skeleton structure, and
higher concentrations of fines may cause pore blockages, reducing the mass migration rate.

When fine particles are sufficiently filled, some become part of the skeleton structure under
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() (d)

Figure IV .13: Evolution of the local packing profile: (a) Local packing location, (b)
Packing profile evolution, (c) Localized occurrence of clogging, (d) Particle number evo-

lution

hydraulic action, promoting the redistribution of the skeleton, which facilitates particle
migration. Once the skeleton stabilizes, the mass migration rate decreases due to the

higher particle content.

To validate the aforementioned conclusions, we analyzed the changes in porosity under
different fine particle contents (Figure IV .15). When the fine particle content is 5% or
10%, porosity exhibits short-term fluctuations, but the coarse particle skeleton remains

essentially unchanged. Subsequently, porosity gradually increases, with changes primarily
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Figure IV .14: The variation in mass migration rate with different fine particle contents

influenced by the migration of fine particles. However, when the fine particle content ranges
between 10% and 20%, porosity initially decreases rapidly and then increases. The increase
in porosity is not solely due to fine particle migration, as the differences in mass migration
rates shown in Figure IV .8 are smaller than the observed differences in porosity. This
indicates that, above 10% fine particle content, water flow begins to influence the skeleton
structure through the fine particles, promoting an increase in porosity. The impact of fine
particle content on soil structure exhibits a threshold at 10%: below this threshold, the
soil structure is largely unaffected by fine particles, and the mass migration rate decreases
as fine particle content increases. Above this threshold, fine particles integrate into the

skeleton, leading to higher mass migration rates.

To further clarify the influence of fine particle content on the structural stability of
granular soils, the evolution of force chain networks at various fines contents (FC = 5%,
10%, 15%, and 20%) was analyzed and is presented in Figure IV .16. The proportion
of fine particles participating in force chains was quantified to illustrate their role in the

overall load-bearing skeleton. The results reveal a distinct threshold behavior:

At low fines contents (FC < 10%), the fine particles contribute minimally to the
contact force network, with less than 5% involvement in force chains. In this regime, fine
particles primarily occupy pore spaces and do not significantly alter the structure of the
soil skeleton. This partial pore clogging effect results in decreased permeability and a

reduction in mass migration rate.
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Figure IV .15: The variation in porosity with different fine particle contents

However, as the fine particle content increases beyond 10%, a noticeable transition
occurs. Fine particles begin to actively participate in force transmission, with their con-
tribution rising sharply (reaching approximately 80% at FC' = 20%). This structural
integration suggests that fine particles become a functional part of the load-bearing frame-
work. Although this enhances mechanical interlocking, it also increases the potential for
mass migration due to the greater mobility of fines under hydraulic loads. This force
chain-based analysis provides direct visual and quantitative evidence supporting the ob-
served particle migration trends (Figure IV .14). The threshold near 10% marks a critical
point at which fine particles shift from passive fillers to active structural components,

fundamentally altering the mass migration behavior of the system.

In summary, these results indicate differences in particle migration mechanisms under
varying fine particle contents. When the fine particle content is 5% (Figure IV .17(a)),
the coarse particle skeleton remains largely unaffected, and the particle channels provide
clear pathways for fine particles to migrate, resulting in a high mass migration rate. When
the fine particle content increases to 10% (Figure IV .17(b)), the skeleton is still primarily
composed of coarse particles. Local blockages occur due to the higher fine particle fraction,
but connected migration paths are still maintained, leading to a reduced mass migration
rate compared to the 5% case. As shown in Figure IV .17(c), at 15% fine particle content,
the soil structure is significantly altered, with fine particles contributing to the skeleton

and more areas experiencing blockages. Under these conditions, the mass migration rate is



Results and discussions 107

Figure IV .16: Participation of fine particles in force chains at varying initial fines
contents (FC = 5%, 10%, 15%, and 20%). The solid line shows the proportion of fine
particles involved in the contact force network, indicating a distinct transition threshold
around FC = 10%. Insets depict the force chain structures, with red lines representing

strong force chains and blue lines representing weak ones.

the lowest. When the fine particle content reaches 20% (Figure IV .17(d)), the increasing
incorporation of fine particles into the skeleton destabilizes the coarse particle framework.
Areas with blockages are prone to localized particle migration, resulting in an increase in

mass migration rate.

(a) (b) (c) (d)

Figure IV .17: Mechanism of fine particle migration under different particle contents:

(a) 5%, (b) 10%, () 15%, (d) 20%
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4 Conclusions

This chapter employed the DEM-DFM method to investigate the impact of various
factors on fine particle migration. The feasibility of the model was validated through a
comparison between experimental and numerical results. The study primarily analyzed
the particle migration process from the perspectives of porosity and mass migration rate,
supported by mechanical and microscopic analyses. It focused on the effects of hydraulic
gradient and initial porosity, with particular attention to how fine particle content in-
fluences mass migration under moderate conditions. The study explored the underlying
mechanisms driving different migration rates.

The key findings indicate that hydraulic gradient and porosity exhibit threshold effects
on particle migration behavior. For an initial porosity of 0.4, a higher hydraulic gradient
leads to an increased mass migration rate, but beyond a threshold of 1.0, the rate stabilizes.
For lower porosity, the threshold effect occurs at 2.0, where migration increases with
gradient up to this point but is suppressed by particle clogging beyond it. The study also
found a porosity threshold of 0.35, below which mass migration decreases with increasing
porosity and above which migration intensifies. Additionally, the evolution of porosity
during migration is governed first by the rearrangement of coarse particle skeletons and
later by fine particle movement. The effect of fine particle content on mass migration rate
can reach 30%, with a critical threshold at 10%: below this value, migration decreases
as fine particle content increases, while beyond it, fine particles significantly alter the soil
structure. Due to computational limitations, further research should explore multi-factor
interactions, including pore throat diameter, particle gradation, and dynamic hydraulic

gradients, to enhance understanding of fine particle migration mechanisms.



Chapter V

Coupled Effects of Confining
Pressure, Fine Particle Content
and Material Texture on Suffusion

Susceptibility in Gap-Graded Soils

1 Introduction

In the previous chapter, the effects of varying hydraulic gradients, porosity, and fine
particle content on soil degradation processes were investigated, revealing the fundamental
mechanisms by which these factors influence the stability of granular soils. However,
real-world field conditions are significantly more complex. In practical scenarios, levee
materials are not only subjected to hydraulic forces but also to mechanical constraints such
as confining pressure. Moreover, these materials exhibit diverse structural characteristics,
including variations in particle shape, contact stiffness, and gradation structure. These
additional factors can substantially alter particle migration and structural evolution, yet

their roles in soil susceptibility to degradation remain insufficiently understood.

To build upon the previous findings, this chapter incorporates the influence of con-
fining pressure, fine particle content, and material texture into a unified coupled analysis
framework. By employing the hybrid DEM-DFM developed in Chapter 3, we simulate
fluid infiltration and particle migration in gap-graded soils under various combinations of
mechanical and hydraulic loading conditions. This modeling approach enables detailed

analysis of how mechanical confinement and microstructural heterogeneity jointly affect
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the particle migrate behavior of granular materials.

2 Model setup and test program

2.1 Numerical model setup for simulating fine particle migration

The simulations were conducted using cylindrical permeability tests under stress-
controlled boundary conditions (Figure V .1). The sample was a cylinder with a diameter
of 25 mm and a height of 50 mm. The particle size distribution in the fine particle mi-
gration simulations is consistent with that used during parameter calibration. The fluid
domain matched the size of the DEM model to ensure numerical consistency. The bound-
ary conditions were applied following the experimental method, and the treatment of fluid
boundaries was carried out according to the approach proposed by Zhang et al. (2020). As
shown in Figure V .1, to ensure geometric continuity and avoid artificial boundary effects,
a virtual particle was inserted at the tetrahedral nodes located on the outer boundary,
thereby simplifying the boundary treatment.

In the simulations of fine particle migration within the soil sample, the hydraulic
gradient is generated by applying distinct fluid pressures at the inlet and outlet, while the
lateral boundaries are treated as impermeable. The hydraulic gradient is calculated from
the equivalent pressure difference as i = % = %, where Ah is the pressure difference
across the sample, L is the sample height, AP is the applied dynamic pressure difference
between the inlet and outlet boundaries, and g is the acceleration due to gravity. A high

hydraulic gradient (¢ = 10.0) was selected based on prior research (Chen et al., 2021a;

Figure V .1: Coupled DFM-DEM model for simulating fine particle migration
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Zhao et al., 2025).

For the DEM boundaries, they essentially consist of clusters of particles. The stress
boundary conditions of the sample are achieved by applying body forces to the boundary
particles. In previous experimental studies (Fleshman and Rice, 2014), the container
walls were typically lined with a layer of fine particles consistent with the test material.
Therefore, in our simulations, the material properties of the boundary particles are set to
be similar to those of the sample particles. During the application of stress, the bottom
of the sample is confined by a fully enclosed lower pressure plate, which is fixed in both
vertical and horizontal directions. To allow the eroded particles to escape from the sample,
a series of evenly spaced holes, each sized 2.5 mm x 2.5 mm (three times the diameter
of the fine particles), are set on the lower pressure plate before applying the hydraulic

gradient simulation.

2.2 Model parameters and validation
2.2.1 Mechanical parameters and validation

To simulate the fine particle migration behavior of granular materials with varying
textures, a series of laboratory tests were conducted on quartz sand to determine key
mechanical parameters under drained conditions, including the internal friction angle,
cohesion, and elastic modulus. Quartz sand was selected due to its high hardness and low
compressibility, making it a suitable representative of hard-textured granular materials.

As shown by the black dotted line in Figure V .2, the sand was oven-dried and sieved
to match a target gradation curve commonly used in previous studies (Ren et al., 2024).
Cylindrical samples (20 mm diameter, 40 mm height) were prepared using a layered tamp-
ing method to ensure uniformity and consistent relative density. Triaxial compression
tests were carried out under consolidated drained conditions at a constant strain rate of
0.1%/min to measure the stress-strain behavior of the material.

The numerical model was developed based on the same gradation curve used in the
experiments, with simplifications made to reduce computational cost (as shown in Figure
V .2). According to the Kézdi method (Kézdi, 2016) and the criteria proposed by Kenney
and Lau Kenney and Lau (1985), a low gap ratio (D./d,, = 4) was adopted, and particles
smaller than 1 mm were uniformly replaced with 0.8 mm particles in the simulation.

Displacement-controlled loading was applied in the DEM model, consistent with ex-
perimental procedures. The mechanical parameters were calibrated through iterative com-
parison with triaxial test results. The final parameter set provided a reasonable match

between the experimental and numerical stress—strain behavior under different confining
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pressures, supporting the model's applicability for simulating the mechanical response of
hard granular materials. These calibrated parameters, along with the hydraulic properties,

are used in the subsequent fine particle migration simulations.

2.2.2 Parameter identifications

This study investigates the influence of fine particle migration on fill materials with
different textures. The previously validated material parameters are used to represent
hard granular materials. For soft particle materials, due to the lack of direct experimental
data, parameter values from Liu et al. (2023a) were referenced. These parameters were
applicable to particles with sizes similar to those in this study. Elastic modulus, a critical
parameter reflecting particle texture, was consistent with Liu et al. (2023a) and suitable
for the particle size distribution considered here. The particle size distribution of soft
materials mirrored that of hard materials, including fine particles (df = 0.8 mm) and
coarse particles (d. = 4-5 mm). All particle sizes fell within the range tested in the
triaxial experiments (diameter = 25 mm, height = 50 mm).

The dynamic viscosity of the fluid was 1 x 1072 Pa-s, suitable for simulating materials
with varying textures. For numerical stability between the DFM and DEM domains, the
time step of the DEM domain was determined using the method proposed by Liu (2021a):

Figure V .2: Grading curves from experiments and numerical simulations for the cali-

bration of mechanical parameters
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T = [ (V.1)

where T is the period of simple harmonic motion for a spring oscillator, k is the stiffness
of the spring, and 7 is the optimal damping coefficient: n = %\/M The damping
coefficient in the simulation of hydraulic conditions is set to 1% of the optimal damping.
Here, d is the diameter of the unit, and V is the volume of the model.

For this study, the particle motion time step (At) was set to 2 x 1077 s, and the
fluid time step (At/) was 2 x 107° s. The fluid mesh was updated every 100 particle
movements. The particle and fluid properties, along with simulation parameters such
as elastic modulus, particle size distribution, confining pressure, fine particle content, and
hydraulic gradient, are detailed in Table V .1. These parameters ensure that the simulation
results accurately reflect the mechanical and hydraulic behaviors of both hard and soft

particle materials.

Table V .1: Summary of model parameters

Sample dimension D x H (mm) 25 x 50
Physical model

Hard particle Soft particle

Fluid Fluid viscosity, p (Pa-s) 1x1073 1x1073
Timestep, At (s) 2 x 1077 2x 1077
Particle Elastic modulus, E (GPa) 5 3x 1072
Poisson’s ratio, v 0.1 0.15
Compressive strength, C,, (MPa) 20 1x1073
Tensile strength (MPa) 0 0
Friction coefficient, u; 0.9 0.6
Density, p (kg/m?) 2600 2600
Timestep, At/ (s) 2 x 107° 2x107°

2.3 Simulation scenarios

To investigate the critical conditions of particle migration under varying confining
pressures (p'), fine particle contents (F(C'), and material textures, seven scenarios were

designed for two types of fill materials. For the hard granular material with validated
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mechanical parameters, four levels of fine particle content (15%, 20%, 25%, and 30%)
were considered under a confining pressure of 100 kPa. The corresponding particle size
distributions are shown in Figure V .3. Previous studies have identified a critical state
at which the mass migration rate begins to change significantly when the fine content
reaches approximately 25%. Therefore, for the hard fill material, additional scenarios
were simulated with a fine content of 25% under typical confining pressures commonly
observed in embankments: 25, 50, and 100 kPa.

Figure V .3: The particle size distribution of the two gap-graded samples used in the

simulations

To explore the influence of material texture, simulations for both hard and soft fill
materials were conducted under a confining pressure of 100 kPa and a fine content of 25%,
reflecting the significant porosity changes that occur during consolidation. A summary of

the simulation procedures and scenarios is provided in Table V .2.

3 Results and discussions

3.1 Effect of confining pressure

The cumulative migrated fine mass (m,,), defined as the ratio of the migrated fine
particle mass to the initial total sample mass, serves as a key indicator of soil particle
mobility and internal instability. Figure V .4 shows the evolution of cumulative fine particle
migration over time under three confining pressures: 25 kPa, 50 kPa, and 100 kPa. The

process can be divided into two distinct stages. During the initial migration stage (0-0.05
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Table V .2: Details of different work conditions in the numerical investigation

Confining pressure Fines content Void ratio
Sample name Texture Particles number
p' (kPa) FC (%) no
C025-F(C25-1 25 25 Hard 0.399 13966
C050-FC25-1 50 25 Hard 0.398 13966
C100-FC25-1 100 25 Hard 0.396 13966
C100-FC15-1 100 15 Hard 0.398 8504
C100-FC20-1 100 20 Hard 0.396 11236
C100-FC30-1 100 30 Hard 0.396 16701
C100-FC25-2 100 25 Soft 0.369 13966

s), fine particles near the outlet are rapidly displaced by seepage forces, leading to a sharp
rise in cumulative migration. As the number of mobile fine particles decreases, the system

enters a quasi-stable phase where the migration rate slows and eventually stabilizes. This

Figure V .4: Cumulative fine particle loss percentage under different confining pressures
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stabilization occurs because the remaining fines become trapped within the coarse skeleton
pores, and the seepage forces are insufficient to further mobilize them.

The influence of confining pressure (p’) on fine mass migration displays a non-linear
pattern. At low pressure (p’ = 25 kPa), weak interparticle contacts allow fines to migrate
easily, resulting in pronounced mass loss. Similarly, Zhang et al. (2023a) reported that in
the early stage of fine migration, particle motion is primarily governed by fluid pressure and
gravity, with limited confinement sensitivity. At moderate pressure (p’ = 50 kPa), fines
contribute to forming a stable load-bearing skeleton, reducing their mobility and lowering
cumulative migration—approximately 10% less than at low or high p’. In later stages,
increased confinement enhances interparticle friction and restricts migration. However, at
high confinement (p’ = 100 kPa), excessive compaction can expel fine particles from the
matrix, leading to renewed migration. Liu et al. (2020) observed a similar trend in fine-rich
soils, where high confinement disrupted force chain stability and promoted fine movement.
These findings indicate a dual role of confining pressure: moderate confinement suppresses

particle migration, while excessively low or high confinement promotes it.

(a) C025-FC25-1 (b) C050-FC25-1 (c) C100-FC25-1

Figure V .5: Variation of the content of fine particles in each layer with time: (a) C025-
FC25-1 (p/ = 25kPa); (b) C050-FC25-1 (p' = 50kPa); (c) C100-FC25-1 (p' = 100kPa)

Previous studies have demonstrated that fine particle migration during seepage-induced
instability is spatially heterogeneous. To explore the mechanisms governing pressure-
dependent mass migration, each sample was evenly divided into five layers from bottom
to top (each corresponding to one-fifth of the post-consolidation sample height), labeled
Layer 1 through Layer 5 (Figure V .3). The proportion of fine particles in each layer rela-
tive to the total fine content was then calculated. Owing to volume deformation induced

by confining and hydraulic pressures, the uppermost layer (Layer 5) generally exhibited
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the lowest fine particle content.

As shown in Figure V .5, most fine particle migration and loss occurred in Layers 1
and 5. Layer 5 primarily underwent outflow, as it had no incoming supply of fines. In
contrast, Layer 1, although receiving fines from upper layers, lost more particles than
it gained, making it the dominant contributor to total mass loss. Layers 2 through 4
displayed near-equilibrium behavior, with inflow and outflow of fines largely balancing.
Post-migration analysis revealed that Layer 5 consistently experienced a deficit of fine
particles, indicating that fines embedded within the skeleton structure were difficult to

mobilize or replace, thereby limiting structural stabilization.

To further elucidate the above findings, the temporal evolution of fine particle content
in Layer 1 under different confining pressures was analyzed. As shown in Figure V .6, the
fine particle content in Layer 1 decreases continuously over time under all three confining
pressures, confirming that this outlet-adjacent layer plays a dominant role in fine mass
migration. Notably, the migration behavior varies markedly with confining pressure. At
low pressure (p’ = 25 kPa), weak interparticle contacts facilitate continuous displacement
of fines. At moderate pressure (p’ = 50 kPa), the rate of decrease slows, indicating
enhanced structural interlocking and a more stable particle skeleton that limits mass
migration. However, at high pressure (p’ = 100 kPa), fine mass migration accelerates
sharply, likely due to overcompaction that disrupts force chains and mobilizes fines from

the soil matrix. These results reaffirm the dual influence of confining pressure on particle

Figure V .6: The variation in fine particle content in Layer 1 under different confining

pressures
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migration.

By examining fine particle redistribution among the layers, the variation of fine content
in Layer 1 was identified as the key factor driving differences in mass migration across
confining pressures. This finding is consistent with Wang et al. (2023a). To further
validate this, particle distributions in Layer 1 before and after the migration test were
compared (Figure V .7). At p’ = 50 kPa, although the overall fine content decreased
relative to the pre-filling state, local clogging was observed in several pores (Figure V
.8(b)). In contrast, such clogging was absent at p’ = 25 kPa and p’ = 100 kPa (Figures
V .8(a) and V .7(c)). To clarify why clogging was most pronounced at p’ = 50 kPa,
representative pores (highlighted in green in Figure V .7) were examined. Before testing,
the pore structures were comparable across all samples despite differences in confinement.
After the migration process, substantial pore-structure variations emerged, demonstrating

the strong hydro-mechanical coupling effect of confining pressure on fine particle migration.

The underlying mechanism of confining pressure influence can also be explored through
inter-particle contact forces during fine particle migration. According to previous studies,
contact forces are classified as strong or weak. Strong contacts have normal forces exceed-
ing the average, while weak contacts are below the average (Radjai et al., 1999). These
contacts are further categorized by particle types: coarse—coarse (C—C), coarse—fine (C-F),
and fine-fine (F-F) (Gong et al., 2019). Thornton and Antony (1998) demonstrated that
strong contacts primarily bear deviatoric stress, while weak contacts contribute more to
mean stress. Figure V .8 presents the post-migration contact force networks for different
confining pressures, including all contacts and strong contacts. Thick lines represent C-C
contacts, and thin lines represent C—F or F-F contacts. Note that due to the high number
of C—F and F-F interactions, many fine-related contacts satisfy the criteria for strong

contacts.

It is evident that under 50 kPa, strong contact chains are less prevalent near the outlet
zone compared to other pressures, indicating that most fine particle migration occurs in
the lower part of the sample. At low pressure (p’ = 25 kPa), inter-particle contacts are
loose, allowing fluid flow to readily disturb the structure and form unstable strong chains
that break easily, resulting in extensive fine particle migration. At moderate pressure (p’ =
50 kPa), particles form a uniform and stable structure under favorable drained conditions.
Although the number of strong contacts decreases, their distribution is more uniform,
with no high-stress concentration zones, leading to reduced fine particle migration. Under
high pressure (p’ = 100 kPa), the system is overly compacted, causing force chains to

concentrate and generate local stress peaks. These stress zones can expel fine particles
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After

Before

After

(a) C025-FC25-1 (b) C050-FC25-1 (c) C100-FC25-1

Figure V .7: Variability of particle migration in Layer 1 of different confining pressure:
(a) C025-FC25-1 (p' = 25kPa); (b) C050-FC25-1 (p' = 50kPa); (¢) C100-FC25-1 (p' =
100kPa)

from the skeleton, creating flow paths and enhancing fine particle migration.

3.2 Effect of initial fine particle content

Fine particle content is also a key factor influencing fine particle migration. As shown
in Figure V .9, the temporal evolution of migration mass is strongly affected by the
initial fine content (FC'). When FC = 15%, the migration rate is relatively low and
quickly stabilizes, indicating that the particle skeleton is robust and resists fine particle
movement. As FC increases to 20% and 25%, the migration mass rises significantly,
suggesting enhanced mobility of fine particles, formation of preferential migration channels,

and more pronounced particle redistribution. Notably, when FC' reaches 30%, although
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(a) All contacts

(b) Strong contacts only

Figure V .8: Particle distribution before and after fine particle migration in representa-

tive pores: (a) all contacts; (b) strong contacts only

the total migrated mass remains high, the migration rate becomes lower than that of FC
= 25% after approximately 0.08 seconds. This behavior may be attributed to clogging
or self-filtration effects caused by excessive fine particles within the pores, which restrict

further particle loss.

To clarify this threshold behavior, a quadratic fit was performed on the final migrated
mass versus FC (see Figure V .10). The fitted curve reveals a distinct extremum at around
FC =~ 26.5%, corresponding to the maximum fine particle migration. This parabolic trend
confirms the presence of a nonlinear relationship between fine content and the intensity of

particle movement. Specifically, when the fine content is too low, the skeleton is stable and
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particle migration is limited; when it reaches a critical range (near 25-27%), migration is
maximized. Beyond this point, excessive fines can accumulate and block pore pathways,
leading to reduced migration. These findings strongly support the existence of a critical
threshold effect, consistent with previous studies such as Li et al. (2020) and Minh et al.

(2014), which have reported similar migration-suppressing phenomena under high-fine-

Figure V .9: Cumulative fine particle loss percentage under different initial fine particle

content

Figure V .10: Quadratic relationship between fine particle content and the final migrated

mass, highlighting an optimal FC range for maximum fine particle movement
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content conditions.

Fine particle loss induces notable changes in soil structure, directly influencing its
mechanical and hydraulic properties. Figure V .11 presents the evolution of volumetric
strain (e,) over time, revealing the influence of fine content on structural rearrangement
and further explaining the particle migration trends observed in Figure V .9. Overall,
volumetric strain increases significantly with rising F'C, indicating that the soil structure
experiences noticeable loosening or expansion. At FC = 15%, the volumetric strain is
the lowest (around 1%), reflecting a stable skeleton with minimal fine particle migration.
As FC rises to 25%, both volumetric strain and migrated mass increase concurrently,
suggesting that greater structural deformation facilitates the movement of fine particles
and activates particle migration. Interestingly, although FC = 30% yields the highest
volumetric strain (close to 6%), the migrated mass is lower than at FC = 25%. This
suggests that an excessive fine content initially loosens the structure and promotes channel
formation, but the subsequent clogging effect hinders further particle migration. These
findings indicate that fine particle migration is jointly regulated by particle mobility and
the evolution of the granular structure.

Figure V .12 displays the distribution of particle contact types within strong and
weak contacts before and after particle migration, under different fine contents. The
variation in contact types is primarily observed in the strong contacts, which represent
the main load-bearing pathways in the granular system. Prior to particle migration,

as FC increases from 15% to 25%, the proportion of strong contacts between coarse

Figure V .11: Volumetric strain under different initial fine particle contents
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particles (C—C) decreases significantly, while those involving fine particles (C-F and F-F)
increase. Notably, at FC' = 30%, the proportion of C-C contacts exceeds that at FC
= 25%, indicating that at 25% FC, fine particles are more effectively embedded within
the skeleton and participate in load-bearing. After particle migration, the proportion of
C-F contacts increases substantially, reflecting the redistribution of fine particles under
seepage, which refill the voids between coarse grains. Although this redistribution increases
the total number of contacts, the newly formed C—F contacts contribute less to mechanical
strength and disrupt the previously dominant C—C contact chains, thereby reducing overall
structural stability. This transition is particularly evident when FC is in the range of
25%—-30%, where the structure becomes increasingly fine-dominated, significantly elevating

the risk of particle migration.

(a) Strong contacts (b) Weak contacts

Figure V .12: Particle distribution before and after fine particle migration in represen-

tative pores: (a) all contacts; (b) strong contacts only

Figure V .12 illustrates the distribution of weak contact types for varying fine particle
contents. The results show that C—F contacts consistently dominate the weak contact
network. Additionally, the proportion of F—F contacts increases with higher FC, indicating
that under high fine content, the structure contains a large number of loose C—F and F-F
contacts, lacking a stable skeleton. The fine particle migration process further promotes
detachment and rearrangement of particles, increasing the proportion of weak contacts,
particularly C—F and F-F. In contrast, C-C weak contacts remain minimal, suggesting
that coarse particles primarily engage in strong contacts, forming the main load-bearing
skeleton. Overall, an increase in fine content weakens the structural integrity of the system,

making it more susceptible to particle migration under seepage.
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3.3 Effect of texture

The texture of fill materials is a critical factor influencing their susceptibility to fine
particle migration. This study compares the migration responses of two fill materials
with different textures. As illustrated in Figure V .13, particle texture has a significant
impact on the evolution of particle movement. Compared to hard-textured materials, soft-
textured fills exhibited faster and more pronounced particle migration within a shorter time
frame. This is primarily due to the higher deformability and mobility of soft particles,
which leads to a looser granular skeleton and facilitates the detachment and transport of
fine particles under seepage forces. Additionally, under confining pressure, soft materials
undergo more substantial initial compaction, resulting in a higher concentration of fine
particles per unit volume, which increases the likelihood of pore channel formation and
particle migration.

In contrast, hard-textured materials exhibit stronger interparticle interlocking and
more stable structures, maintaining a robust force-chain network formed by strong con-
tacts. This structural stability resists seepage-induced disturbances and slows the progres-

sion of migration.

Figure V .13: Cumulative fine particle loss percentage under different texture in em-

bankments fill materials

Once the granular structure is established, the stress transmission characteristics differ
significantly between textures. To explore the evolution of anisotropy, we analyzed the
orientation distribution of normal contact forces in both material types (Figure V .14(a)).

In hard materials, increasing confining pressure amplifies the initial anisotropy. While local
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structural degradation may occur due to the loss of fine particles, the overall structure
remains stable under pressure, preserving the continuity of the force chains. Strong contact
forces inhibit fine particle migration, maintaining a relatively stable stress distribution and
enhancing anisotropy after fine particle migration.

In contrast, soft materials exhibit a clear reduction in anisotropy following fine particle
migration (Figure V .14(b)). The weak interparticle contact forces allow fine particles to
migrate and rearrange easily, loosening the structure and promoting homogenization. The
strengthening effect of confining pressure is limited in this case, and significant relative
particle displacements disrupt the initial anisotropic configuration. With ongoing fine
particle loss, increased porosity, and particle rearrangement, the mechanical response of
soft materials tends toward isotropy, weakening their overall structural stability. This
vulnerability is particularly critical in levees or earth structures composed primarily of
soft soils, where seepage can induce large-scale instability or even failure.

From a macroscopic perspective, confining pressure plays a dual role: it influences
both material stability and anisotropy. In hard-textured materials, higher confining pres-
sure enhances interparticle contact forces, promoting directional force chains that improve
both anisotropy and structural resistance to disturbance. In soft materials, however, the
inherently weak contact forces limit the structural benefits of increased pressure, failing to
suppress fine particle migration or pore expansion. As a result, even at higher confining
pressures, anisotropy is difficult to maintain.

To further explore the underlying mechanisms of structural instability during fine
particle migration, we conducted strain energy analysis for the two samples (C100-FC25-1:
hard-textured; C100-FC25-2: soft-textured). The strain energy at each contact consists
of a normal component (Fg,) and a tangential component (Fy), calculated as follows
(Hanley et al., 2018; Wang and Arson, 2018):

2
Eg, = = |Ey| s (V.2)

7+ B | R - R
_|_

(V .3)

where F;, and s are the normal force and overlap between particles, respectively. Eft_l
is the tangential component of the strain energy at the previous timestep § — 1, Ff
and Ff ~! are the tangential forces at the current and previous timesteps, and k; is the
tangential stiffness.

As shown in Figure V .15, we focused on the evolution of strain energy after 5x 1073 s,
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Before
After
(a) C100-FC25-1 (b) C100-FC25-2

Figure V .14: Orientation distribution of normal contact forces before and after fine
particle migration in fill material samples with different textures: (a) C100-FC25-1 (Hard-
filler material); (b) C100-FC25-2 (Soft-filler material)

as the initial filling phase is dominated by volumetric deformation, which masks the sub-
sequent structural response. In the early stages, due to particle migration and rearrange-
ment, both samples exhibited a rapid drop in total strain energy. For the hard-textured
sample (C100-FC25-1), the strain energy remained at a relatively low level overall, with a
noticeable energy drop around 0.022 seconds, indicating a sudden structural adjustment

and energy release.

In contrast, the soft-textured sample (C100-FC25-2) maintained a higher level of strain
energy without distinct drops, suggesting a greater capacity for energy storage during con-
tinuous deformation. This energy was primarily dissipated through localized fine particle

migration, allowing the structure to remain in a relatively stable state.

Hard-textured materials are more prone to global structural instability but can achieve

partial stability through energy release and structural readjustment. Soft-textured materi-
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Figure V .15: Typical strain energy and strain energy change rate in two texture samples

als, on the other hand, possess a greater energy storage capacity and better local stability,
yet are more susceptible to structural loosening and homogenization under seepage condi-
tions, ultimately compromising their load-bearing capacity. These findings highlight the
importance of considering material texture, confining pressure, and fine particle content
when selecting fill materials for levee construction to enhance structural resilience and

resistance to fine particle migration.

In this study, we summarize the failure modes of two textured filler materials, as
depicted in Figure V .16. The failure of hard-textured materials during fine particle
migration is primarily governed by their ability to release strain energy efficiently. Due
to the high rigidity and friction between particles, the coarse particle skeleton undergoes
structural adjustments early in the process, redistributing contact forces and achieving a
more stable configuration. These adjustments result in a rapid dissipation of stored strain
energy, preventing significant particle migration or localized instabilities. Consequently,
the overall skeleton integrity is maintained, and the material stabilizes as the structure

evolves to accommodate the applied stresses.

In soft-textured materials, failure is primarily localized and driven by fine particle
migration. During fine particle migration, fine particles are mobilized and transported,
leading to a reduction in coarse particle contacts and the formation of weak force chains in
areas of particle loss. This process disrupts the load-bearing skeleton, particularly in the
bottom layers, where the concentration of migrating fine particles creates flow paths and

local instabilities. Unlike hard-textured materials, soft-textured materials exhibit limited
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Figure V .16: The failure modes of two textured filler materials

structural adjustments and retain higher strain energy, resulting in prolonged instability

in affected regions.

4 Conclusions

This chapter employed a coupled DEM-DFM simulation approach to investigate the
combined effects of confining pressure (p'), initial fine particle content (FC'), and material
texture on the susceptibility of gap-graded soils to fine particle migration. The model
effectively captured the macro- and micro-mechanical responses of soils and highlighted
how different physical parameters govern particle migration behavior.

The results reveal that confining pressure regulates fine particle migration by shaping
contact force chains and pore structures: moderate pressure (50 kPa) promotes stable
configurations that resist particle loss, whereas low pressure induces looseness and high
pressure causes stress concentration, both facilitating particle migration. Fine particle
content exhibits a threshold effect: moderate levels enhance migration by increasing par-
ticle mobility, while excessive fines (F'C' > 27%) cause clogging, reduce migration, and
weaken structural integrity by disrupting coarse—coarse contacts. Material texture also
plays a critical role: hard-textured fills maintain contact networks and resist deformation,
improving stability; in contrast, soft-textured materials deform easily and are more prone
to localized particle migration under seepage.

Despite these insights, two main limitations remain. First, the simulation uses ide-

alized conditions and does not account for real-world factors such as irregular particle
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shapes. Second, chemical interactions between particles, which may influence migration
behavior, are not considered. Future studies should incorporate these aspects to improve
the model’s realism and provide a more comprehensive understanding of fine particle mi-

gration mechanisms in granular soils.
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Chapter VI

Conclusions and perspectives

1 Conclusions

This study explored the fine particle migration behavior of granular materials under
seepage flow, combining laboratory experiments with multi-scale numerical simulations.
Key factors such as hydraulic gradient, particle gradation, porosity, fine particle content,
confining pressure, and material texture were systematically examined. The main conclu-

sions and perspectives are summarized below.

e A series of seepage experiments were conducted using a self-developed rigid cylin-
drical apparatus with transparent quartz sand to examine the influence of physical
parameters on fine particle migration. Results show that mass migration rates are
most sensitive to the hydraulic gradient, followed by the coefficient of uniformity and
porosity. Higher uniformity and porosity facilitate more active particle movement
and enhanced erosion. A distinct transition point was observed in the flow process,
marking the shift from seepage-induced compaction to active particle migration.
Fine particles exhibited stratified migration characteristics. Among commonly used
internal stability criteria, the Istonima criterion demonstrated reliable performance,

particularly when gradation and porosity were considered jointly.

e A coupled DFM-DEM method was developed and validated to simulate fine parti-
cle migration and pore evolution in non-uniform soils. Simulations revealed three
stages of particle migration: initiation, deceleration, and stabilization, with dynamic
transitions between clogging and particle transport driven by fluid—particle interac-
tions. This method is effective under dynamic fluid mesh (DFM) conditions, offering

high stability and accuracy. Limitations remain in estimating porosity for flat pore
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geometries and when fine particle sizes are comparable to coarse grains.

e Using the DEM-DFM model, the effects of initial porosity, hydraulic gradient, and
fine particle content on migration thresholds were analyzed. Results indicate clear
nonlinear threshold behavior, with critical transitions occurring at hydraulic gradi-
ents between 1.0 and 2.0, and a porosity threshold near 0.35. A fine particle content
threshold of 10% was identified: below this, structural clogging enhances stability,
while higher contents destabilize the grain skeleton and intensify particle migration.
This study reveals a coupled mechanism of particle transport, porosity restructur-
ing, and erosion evolution across macro- and micro-scales, providing new insights

into threshold-driven migration behavior.

e Confining pressure and material texture were introduced as additional factors to
evaluate their impact on suffusion susceptibility. Fine particle migration mainly
occurred at the initial and final stages of transport and was significantly influenced by
interparticle friction and material stiffness. Hard-textured soils, under high confining
pressure and near-critical fine content (25-27%), tended to exhibit overall structural
collapse. In contrast, soft-textured soils with uneven pore structures displayed more
localized instability. Analysis of force chains and strain energy evolution indicated
that material texture plays a key role in governing migration pathways and structural

resilience.

2 Perspectives

This thesis focuses on the investigation of fine particle migration in granular materials
under seepage flow. A series of experimental and numerical procedures have been carried
out to identify the key influencing factors and to better understand the mechanisms of
fine particle migration and structural instability. In the near future, this research can be

extended in the following directions:

e In future work, the experimental approach could be extended to include soil samples
with a broader range of particle shapes and more complex material compositions,
helping to bridge the gap between laboratory conditions and field environments. The
integration of image recognition techniques and particle image velocimetry (PIV)
would enable precise, visual tracking of fine particle migration, facilitating detailed

and quantitative analysis of particle transport and the associated erosion processes.
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e Regarding model development, the DFM-DEM coupling framework could be en-
hanced by increasing mesh resolution and improving the efficiency of fluid—solid
interactions. Incorporating advanced techniques, such as the Lattice Boltzmann
Method (LBM), may provide more accurate pore pressure predictions and more ef-
fectively capture the migration and redistribution of fine particles within complex

pore networks.

e Further research is needed to elucidate the mechanisms controlling migration thresh-
olds. Establishing quantitative relationships between microstructural parameters,
such as pore throat size distribution, and critical fine particle migration conditions
would enable more reliable predictions of soil instability. In addition, developing
erosion stability maps under varying hydraulic and mechanical loading scenarios
could facilitate a transition from threshold identification to proactive control and

risk mitigation strategies.

e Finally, a deeper understanding of the role of material texture and local structural
failure is essential. Future studies should consider incorporating more realistic soil
textures and chemical environmental factors, as well as exploring the influence of
variable confining pressures and loading paths. These efforts will help improve the
prediction of failure mechanisms in real-world geotechnical structures such as levees

and slopes and support the development of more robust design guidelines.
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