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Abstract of thesis entitled 

Numerical Investigation of Internal Erosion in Granular Soils: From Micro to Macro 

Internal erosion in sandy soils is a prevalent engineering hazard in which fine particles are 

transported and lost through the pore spaces of the soil skeleton under seepage flow, ultimately 

leading to soil deformation and structural failure. Given its multi-field, multi-phase, and multi-

scale nature, internal erosion presents significant research challenges. To elucidate the micro- to 

macro-scale mechanisms governing erosion, this study systematically investigates particle 

migration behavior using a cross-scale approach, integrating Computational Fluid Dynamics-

Discrete Element Method (CFD-DEM) and Finite Element Method (FEM). First, microscopic 

particle erosion mechanics are examined at the small-scale Representative Volume Element 

(RVE) level, accounting for the influence of soil stress anisotropy and fabric anisotropy. Building 

on these insights, the internal erosion processes and structural mechanical response of a water-

soil-tunnel system are further investigated through a meso-scale CFD-DEM-FEM boundary 

value model, identifying key factors affecting system stability. Additionally, a novel erosion law 

is proposed based on CFD-DEM simulations, and a coupled seepage-erosion-mechanics 

numerical analysis method is developed within the framework of four-constituent medium 

theory. Finally, leveraging ABAQUS UEL subroutine development, this study enables large-

scale numerical analysis of dam seepage erosion. By bridging discrete and continuum media and 

connecting microscopic particle behavior to macroscopic engineering responses, this research 

achieves a comprehensive cross-scale investigation of internal erosion, advancing both 

theoretical understanding and practical applications in geotechnical engineering. 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Internal erosion is a common geological hazard in water-rich strata. It originates under conditions 

of heavy rainfall or infiltration, where cohesionless soil particles are transported and flow 

through the pores of the soil matrix, leading to internal particle loss. According to the research 

by Fell and Fery (2007), internal erosion in soils can be classified into four main types: 

concentrated leakage, backwards erosion, suffusion, and contact erosion. Figure 1.1 illustrates 

the possible forms of internal erosion that may occur at different locations in a dam.  

 

According to Foster et al. (2000), approximately 46% of dam failures are initiated by suffusion, 

which is a specific form of internal erosion characterized by the migration of fine particles 

through the pore spaces of a coarse-grained soil matrix under seepage flow. This phenomenon 

predominantly occurs in gap-graded or widely graded soils, which exhibit a bimodal particle size 

distribution comprising distinct coarse and fine fractions. Such soil types are commonly 

encountered in embankment foundations, rockfill dam filters, and gravel-packed sand control 

layers used in oil and gas extraction. The loss of fine particles not only weakens the soil structure 

and reduces its strength but can also lead to local particle accumulation, decreasing the soil's 

permeability while increasing excess pore water pressure and reducing effective stress, thereby 

compromising stability. Furthermore, as continued erosion enlarges internal voids, suffusion 

may progress into piping, ultimately resulting in catastrophic soil failure. This process can induce 

severe engineering disasters, including dam breaches, debris flows, and ground subsidence (Al-
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Saigh et al., 1994; Crosta and Prisco, 1999; Sheorey et al., 2000; Yoo, 2017; Albaba et al., 2019; 

Kong et al., 2021), as illustrated in Figure 1.2. Given its critical role in geotechnical hazards, this 

study focuses specifically on suffusion. Unless otherwise stated, the terms "internal erosion" and 

"seepage erosion" hereafter refer exclusively to suffusion. 

 

Suffusion-related hazards pose significant research challenges due to their inherently multi-

phase, multi-field, and multi-scale characteristic (Xiong et al., 2020). First, suffusion 

encompasses both microscale fluid-solid interactions at the particle level and macroscale soil 

deformation. Second, its occurrence necessitates a comprehensive understanding of the coupled 

hydraulic behavior and the mechanical interactions between soil particles. Furthermore, as 

suffusion involves the migration of grains, the soil exhibits the distinct features of granular media, 

requiring consideration of its discrete nature. However, in conventional soil mechanics theory, 

soil is typically modeled as a continuum. This assumption limits the ability of traditional theories 

and experiments to quantitatively capture localized particle transport and interactions within pore 

structures. These fundamental scientific limitations significantly hinder a deeper understanding 

of the mechanisms underlying suffusion and present substantial theoretical and technical barriers 

to the accurate prediction and effective mitigation of suffusion-induced hazards. 

 

With the rapid advancement of numerical computation methods, a range of innovative numerical 

algorithms has emerged, offering new avenues for investigating suffusion. Among them, the 

Discrete Element Method (DEM), proposed by Cundall and Strack (1979), is grounded in a 
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micromechanical theoretical framework. DEM represents soil as an assembly of discrete 

particles and governs their motion and displacement through Newton’s laws of motion combined 

with refined contact force models. This microscale numerical approach is particularly well-suited 

for capturing the inherent discreteness of granular systems. As such, it is highly effective in 

describing the dynamic behavior of particle migration during seepage-induced suffusion. By 

leveraging DEM, researchers can track and quantitatively characterize the spatiotemporal 

evolution of suffusion processes.  

 

Building on this foundation, researchers have integrated fluid-phase modeling techniques, such 

as Computational Fluid Dynamics (CFD) (Hu et al., 2023; Tang et al., 2023; Xu et al., 2025; 

Zeng et al., 2025), Smoothed Particle Hydrodynamics (SPH) (Mao et al., 2022; Yu et al., 2023, 

2024), and the Lattice Boltzmann Method (LBM) (Jäger et al., 2017; Stipić et al., 2022), with 

DEM to develop coupled fluid-solid algorithms capable of simulating suffusion. These coupling 

strategies effectively address the multi-field and multi-phase nature of the problem. However, 

due to the inherent computational complexity of DEM, the simulation scale remains limited to 

micro- or meso-scale domains (typically involving particle counts on the order of 5 610 10− , even 

under modern high-performance computing conditions. This limitation restricts the applicability 

of DEM-based approaches to real-world engineering problems, which often involve particle 

numbers on the order of 910  or higher (Alobaid et al., 2014; Brosh et al., 2014). 
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To overcome this limitation, researchers have turned to continuum-based numerical methods 

such as the Finite Element Method (FEM) and the Material Point Method (MPM) (Yerro et al., 

2017; Shen et al., 2024; Qin et al., 2025). These approaches transform complex physical 

processes into solvable partial differential equations (PDEs), significantly enhancing 

computational efficiency and enabling the simulation of erosion problems at the engineering 

scale. However, the inherent assumption of soil as a continuum in these methods prevents the 

direct representation of critical micromechanical processes in suffusion, such as the transport 

and deposition of individual particles. This leads to a "scale-missing" problem. As a result, an 

effective multiscale numerical framework that bridges the gap between discrete microscale 

simulations and continuum-based macroscale engineering analysis for suffusion is still lacking. 

 

1.2 Research objectives and methodologies 

In order to enable a comprehensive micro-to-macro, cross-scale investigation of seepage-

induced suffusion and advance the fundamental understanding of fine particle migration 

mechanisms in sandy soils, the following key issues are to be addressed: 

 

(a) To investigate the suffusion evolution process in soils at the RVE scale under complex service 

conditions and provide micromechanical interpretations of the observed phenomena. 

 

(b) To examine tunnel erosion phenomena and characterize the structural mechanical response 

to erosion at the mesoscopic scale 
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(c) To develop a novel erosion law incorporating stress-state effects on suffusion processes and 

implement it within the four-constituent theory framework to establish a coupled hydro-

mechanical model. 

  

(d) To establish a finite element analysis framework capable of simulating erosion processes and 

realizing large-scale investigations of suffusion in dams. 

 

To achieve these research objectives, this thesis employs numerical modeling approaches 

implemented through the following methodology: 

 

(a) To conduct a comprehensive literature review on numerical studies of suffusion in granular 

soils across multiple research scales. 

 

(b) To establish CFD-DEM RVE models considering stress anisotropy and investigate the effects 

of complex stress states on suffusion evolution. 

 

(c) To develop CFD-DEM RVE models incorporating initial soil fabric anisotropy and 

microscopically investigate the influence of bedding angle on suffusion behavior. 
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(d) To establish scaled-down BVP models of soil-water-tunnel systems using CFD-DEM-FEM 

and investigate the various factors that govern erosion development, as well as the structural 

mechanical response to erosion. 

 

(e) To simulate soil suffusion under different stress states and hydraulic conditions using CFD-

DEM, in order to formulate a new erosion law and integrate it with a fine-content-related 

constitutive model to achieve hydro-mechanical modeling. 

 

(f) To develop an ABAQUS UEL subroutine for solving erosion governing equations and 

implement engineering-scale dam erosion models, enabling large-scale FEM analysis of internal 

erosion. 

 

1.3 Structure of the thesis 

This thesis comprises eight chapters, organized as follows: 

Chapter 1 serves as the introduction, outlining the research background, objectives, 

methodologies, and the structure of the thesis. 

 

Chapter 2 reviews existing research in numerical studies on suffusion, with a particular focus on 

unresolved CFD-DEM methodologies and their application to both RVE and BVP studies. The 

review further explores continuum-based numerical approaches for large-scale modeling of 

suffusion.  
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Chapter 3 presents a microscopic study of the influence of stress anisotropy on suffusion using 

CFD-DEM. The suffusion process under various initial stress states, including triaxial 

compression, triaxial extension, and isotropic confinement, is modeled. The simulation results 

are discussed in detail and interpreted from a microstructural perspective. 

 

Chapter 4 uses CFD-DEM to explore the impact of fabric anisotropy on suffusion. In this study, 

the soil is modeled using ellipsoidal particles with specified bedding angles to replicate various 

soil fabrics. The chapter not only examines the evolution of suffusion but also investigates the 

mechanical response through triaxial test simulations under different bedding angles. 

 

Chapter 5 establishes a water-soil-tunnel system using CFD-DEM-FEM to investigate tunnel 

erosion development and the structural mechanical response to erosion. The effects of various 

factors, including crack size, tunnel burial depth, crack position, and water levels, on the tunnel 

erosion process are examined. Tunnel convergence deformation and internal stress distribution 

are then analyzed through a finite element model. 

 

Chapter 6 proposes a novel erosion law based on CFD-DEM simulations, considering soil stress 

state and hydraulic velocities. This erosion law is then integrated into a set of governing 

equations for suffusion, based on the four-constituent theory. Additionally, a fine-content-related 

critical state constitutive model is introduced to establish a hydro-mechanical framework. The 
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suffusion process is simulated using the proposed framework, and the results are compared with 

experimental data. 

 

Chapter 7 develops an FEM framework for erosion simulations. The equations from Chapter 6 

are solved using FEM through a secondary development ABAQUS UEL subroutine. The 

framework is then applied to establish a dam erosion model and facilitate large-scale analysis. 

 

Chapter 8 summarizes the findings in this thesis and presents some recommendations for future 

research in the related area. 
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Figure 1.1 Different manifestations of internal erosion 

  
(a) (b) 

  
(c) (d) 

Figure 1.2 Geological disasters caused by internal erosion: (a) Erosion in dams; (b) Debris flow; (c) Tunnel 

leakage; (d) Ground subsidence 
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Figure 1.3 Outline of the research content in the thesis 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

This chapter presents a literature review of existing numerical investigations on suffusion. It 

begins by introducing and comparing commonly used fluid-solid coupling methods based on 

DEM. Next, the chapter synthesizes research on small-scale suffusion studies that employ RVE 

models within a discrete media framework. Subsequently, the review explores meso-scale BVP 

models, where DEM-based simulations investigate suffusion in complex, heterogeneous 

configurations. Finally, the chapter examines macroscopic suffusion modeling approaches 

grounded in continuum mechanics. 

2.2 DEM-based solid-liquid coupling numerical method 

DEM is a typical discontinuous numerical method to straightforwardly represent the nature of 

granular soils. By incorporating various fluid representation methods, the coupled fluid-DEM 

technique enables hydromechanical calculations. Current numerical simulation algorithms for 

soil-fluid coupling primarily include coupled CFD-DEM (Computational Fluid Dynamics-

Discrete Element Method), SPH-DEM (Smooth Particle Hydrodynamics-Discrete Element 

Method), and LBM-DEM (Lattice Boltzmann Method- Discrete Element Method). 

 

The coupled CFD-DEM method acquires the motions of particles and fluids in solid and fluid 

domains, respectively, by solving distinct governing equations and assessing their interactions 

(Kloss et al., 2012). This method can be further categorized into unresolved, fully resolved, and 

semi-resolved methods, based on the solution accuracy and the size of the fluid domain mesh 
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(Golshan et al., 2020). In the unresolved method, the flow around each particle is not explicitly 

resolved. Instead, the fluid velocity and pressure are volume-averaged within a local domain 

through the solution of locally averaged Navier-Stokes equations. An empirical drag force model 

is then employed to estimate the interaction forces exerted on the particles. Consequently, the 

size of the fluid mesh must be larger than the particle size to satisfy the local averaging 

assumption (Jing et al., 2016). On the contrary, in the fully resolved model, the velocity and 

pressure are solved precisely based on the Navier-Stokes equations. During the fluid solution 

process, the particles are treated as no-slip boundaries for the flow. The interaction force is 

directly evaluated by the integration of the fluid stress over the boundary surface of the particle, 

obviating the need for empirical drag models. As a result, the fluid mesh size must be at least 8-

10 times smaller than the particle diameter to meet the integration requirement (Shen et al., 2022). 

The semi-resolved method lies between the un-resolved and fully-resolved methods, employing 

different solution strategies for fluids at different locations. Its most distinguishing feature is the 

use of either empirical drag models or exact integrals to compute fluid-particle interaction forces, 

determined by particle size (Yang et al., 2019b).  

 

The LBM-DEM coupling method combines the lattice Boltzmann method with DEM to simulate 

fluid-particle interactions. In LBM, the fluid is represented as a collection of discrete particles 

that move on a fixed lattice, with their motion governed by a set of collision rules. Unlike CFD 

methods that rely on solving complex partial differential equations, the LBM is based on the 

Boltzmann transport equation, which describes the evolution of the probability distribution 
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function of the fluid particles (Yang et al., 2021). This equation is solved numerically using a 

discrete lattice, and the fluid velocity and pressure are calculated from the distribution function. 

In LBM, the fluid region is divided into regular lattices, and the fluid phase is considered a set 

of (fictitious) particle ensembles located at the lattice nodes. Each particle set includes several 

particles, as an example in the D3Q19 (Indraratna et al., 2021) model commonly used in 3D 

calculations, where there are 19 particles at each lattice node. By solving particle collisions and 

flows, the simulation of fluid can be computed.  

 

Smooth particle hydrodynamics (SPH) is a Lagrangian approach that represents fluid particles 

in a mesh-free manner. In contrast to the Eulerian method, such as CFD, where the fluid domain 

is discretized into a grid, SPH models the fluid as a collection of interacting particles with mass, 

position, and velocity (El Shamy and Sizkow, 2021). The kinetic equations of the particle group 

are solved in a Lagrangian framework, making SPH well-suited for simulating complex fluid 

systems with free surfaces, large deformations, and multiphase flows. SPH uses kernel 

interpolation theory to handle fluid variables (Dehnen and Aly, 2012; Markauskas et al., 2018). 

By applying kernel functions, the continuity and momentum conservation equations are 

interpolated in an averaged form and assigned to the particle points as well as to other particles 

within a specific interaction length (Sun et al., 2013).  

 

In general, whether it is CFD-DEM, SPH-DEM, or LBM-DEM, all of these methods treat soil 

as a discrete material, and thus, their application to suffusion is carried out within the framework 
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of discrete media. The advantage of these approaches is that they accurately reflect the discrete 

nature of particle flow. On the other hand, the interaction between the fluid and the solid can be 

directly modeled through interaction forces, rather than relying on complex constitutive models. 

Additionally, the internal structural evolution of the soil during erosion can be reconstructed 

using DEM, which provides a way to explore the microscopic mechanisms of erosion that 

traditional experiments cannot address.  

 

It should be noted that while the aforementioned methods are capable of simulating soil seepage 

erosion, they exhibit significant variations in computational accuracy and resource demands. 

Table 2.1 provides a comprehensive comparison of these numerical approaches across multiple 

aspects. As expected, there exists a trade-off between simulation fidelity and computational 

expense—higher accuracy typically entails greater computational costs. Among these methods, 

the unresolved CFD-DEM approach has emerged as the predominant technique for suffusion 

studies, owing primarily to its superior computational efficiency. The unresolved CFD-DEM 

approach has been widely adopted in published studies of suffusion (Zhang et al., 2020; Fu et 

al., 2022; Chen et al., 2023b; Liu et al., 2023a; Liu and Yin, 2024; Wang et al., 2024). 

Consequently, this chapter will primarily focus on research findings derived from unresolved 

CFD-DEM simulations. The following section will first introduce the fundamental methodology 

of the unresolved approach. 

2.3 Unresolved CFD-DEM method 

As previously highlighted, the unresolved CFD-DEM approach has stood out for its efficiency 
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and is widely adopted in studies related to suffusion. In this research, the unresolved scheme is 

thus employed for simulating. The ensuing section provides a fundamental overview of this 

methodology. 

2.3.1 Governing equations for DEM 

The simulation of dispersed particles' behavior is achieved by employing the fundamental 

principles of Newton's second law. At any given time t, the translational and rotational motion 

of particles is governed by the following equations: 

1
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where im  and iI  denotes the mass and moment of inertia of particle i, respectively. iv  and iω  

are the translational and angular velocities. j

if  is the contact force exerted on particle i by the 

contact j. N is the total number of contacts particle i engaged, including particle-particle and 

particle-wall contact. In a similar way, j

iM  is the torque applied from contact j to particle i. p

i

f →
f  

is the interaction force applied to the particle by the flow. f p

i

→
M  is the additional torque due to 

the fluid phase velocity gradient. 

2.3.2 Governing equations for CFD 

The CFD solves the following continuity equation and locally averaged Navier–Stokes equation 

accounting for the presence of particles in the fluid: 
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where 
f  represents the fluid volume fraction, p  and 

fu  are the averaged pressure and velocity 

of the fluid, respectively.
f  stands for fluid density.

f  is the shear stress tensor of the fluid. 

p f→
f  denotes the source term of momentum from interaction with the particulate phase, given 

as: 

1

N
f p

pp f

cV

→

=→ = −

f

f  
(2.5) 

where cV  is the cell volume, N  is the number of particles inside the fluid cell. 
f p→

f  accounts 

for the forces generated by the fluid on the particles, the calculation of which would be 

introduced later. 

2.3.3 Fluid-particle interaction force 

The interaction force 
f p→

f  between particles and fluid typically comprises several components, 

including the drag force, pressure gradient force, virtual mass force, and lift force (Ishii and 

Mishima, 1984; Mei, 1992). However, in dense particle flows such as those encountered in 

suffusion phenomena, the dominant governing factor is the pressure gradient force f p
 and drag 

force fd : 

f

pd

p→

= +f ff  (2.6) 

in which the drag force df  and pressure gradient force 
pf  are calculated as follows: 

p pV p= − f  (2.7) 

( )
1

2
d D f f p f pC A = − −f u v u v  (2.8) 

where 
pV  and 

pv  are the volume and velocity of the particle, respectively. A
 is the project area 

of the particle in the direction of flow. DC  stands for the drag coefficient. Since this equation is 

only applicable to spherical particles in dilute flows (e.g., single particle motion in fluid), the 
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drag coefficient must be modified based on the particle Reynolds number Rep
 for dense particle 

flows (Chhabra et al., 1999). The particle Reynolds number is defined as: 

Re
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f f p p

p

f
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

−
=

u v
 (2.9) 

where 
f  represents the fluid viscosity, 

equ

pd  denotes the equivalent spherical diameter of the 

particle volume. For spherical particles, 
equ

pd  corresponds to the actual particle diameter, while 

for non-spherical particles, it can be calculated based on the particle's actual volume. Building 

upon this foundation, Ergun et al. (1952) proposed a modified drag coefficient model that 

incorporates the fluid volume fraction: 
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where s   represents particle sphericity, and 
pA   denotes particle surface area. 

equA   is the 

equivalent spherical surface area for the particle volume. For spherical particles, 1s = ; for non-

spherical particles, s  is calculated based on the surface area of a sphere with equivalent volume. 

s  represents particle concentration. Eqs. (2.10)-(2.11) apply to dense particle flows where solid 

fraction s > 0.2. Building on this foundation, Wen and Yu (1966) derived an expression for 

dilute flows ( s < 0.2) based on fluidized bed experimental data:  
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Lu and Gidaspow (2003) established a blended formulation that smoothly bridges Eqn. (2.10) 

and Equation (2.12) through a mixing function, achieving a continuous transition between high-

concentration and low-concentration regimes. The final expression takes the form: 

Lu&Gidaspow Ergun Wen&Yu D D= C +(1- )CDC    (2.13) 
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2.3.4 Coupling scheme of CFD–DEM 

The parallel calculation of DEM and CFD is enabled by a staggered scheme to exchange the 

solid fractions and interaction force. As shown in Figure 2.1, the initial particle assembly and 

fluid field are generated according to the input file. The interparticle contact force is calculated 

based on the contact area (i.e., overlap) and contact law. In contrast, the interaction force 

(pressure gradient force and drag force) is determined based on the initial fluid field. Then the 

solid volume fraction will be transferred back to the CFD domain to iteratively solve the N-S 

equation and update the pressure and velocity of the fluid. To ensure solution accuracy, CFD 

calculates multiple timesteps within each DEM timestep. 

 

2.4 Application of CFD-DEM in RVE study about suffusion within the discrete media 

framework 

Based on different simulation scales, studies about suffusion using CFD-DEM can be broadly 

divided into two categories: research on small-scale RVE model and research on meso-scale BVP 

model. The following sections will present the current status of both categories of research. 

 

The representative volume element is a fundamental unit of a material or system that is used to 

study its properties and behavior (Yio et al., 2017). It is a small but representative portion of the 

material which is assumed to have the same statistical characteristics and behaviors as the larger 

one. In CFD-DEM investigations of suffusion, RVE models typically constitute small-scale 
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cubic or cylindrical specimens. These computational specimens are specifically designed to 

evaluate the micromechanical response of virtual granular assemblies (Guo and Zhao, 2016). 

 

Previous studies have pointed out that suffusion is closely related to soil geometry conditions, 

hydraulic conditions, and stress states (as illustrated in Figure 2.2). The geometric conditions 

mainly refer to soil properties, like fines content and soil porosity. The hydraulic condition is 

also known as the critical hydraulic gradient, i.e., soil particles will migrate only when the fluid 

gradient is greater than a certain critical value. The mechanical condition is linked to the soil 

loading state, for example, its effective stresses. In addition, research has also revealed that 

suffusion only occurs in soils classified as internally unstable under specific conditions 

(Burenkova, 1993). Among such soils, those with a gap-graded sandy distribution are more 

susceptible and vulnerable to erosion compared to well-graded ones. Consequently, the majority 

of studies on suffusion have focused on gap-graded soils (Chang and Zhang, 2011, 2013a; 

Chaplot, 2013). These studies have conducted comprehensive analyses of various factors 

influencing suffusion, including fine particle content, gap ratio (size ratio between coarse and 

fine particles), particle morphology, hydraulic gradient, and so on. This study will systematically 

review these research efforts in the following sections. 

2.4.1 Effect of fine content 

For gap-graded soils, the content of fine particles is closely related to the transmission of 

microscopic forces. According to Shire et al. (2014), soils can be divided into underfilled and 

overfilled cases, and for different filling states, there are significant differences in the role played 
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by fine particles, with underfilled states in which fine particles primarily contribute to 

maintaining the structural stability of coarse particles and are minimally involved in direct force 

transfer, while in overfilling, fine particles share the force chain transfer with coarse particles. 

Therefore, when suffusion occurs in soils with varying fine content, the evolutionary 

characteristics will differ based on the fine content. Skempton and Brogan’s work (1994a) has 

established a critical range of fines content, ranging from 24% to 29%, that demarcates 

underfilling and overfilling states in soils. Building on this insight, Liu et al. (2020) performed a 

series of simulations using CFD-DEM on RVEs with fine contents of 20% and 35%. These two 

values were chosen to represent typical underfilled and overfilled samples, respectively. The 

established model is illustrated in Figure 2.3. The simulation model is set as a cubical sample 

with six stress-controlled boundaries. The CFD domain overlaps the DEM domain to ensure it 

entirely covers the particles. 

 

A direct assessment of the hazard posed by suffusion is the statistical mass loss. To investigate 

the effect of fines content on soil erosion, indicators of mass loss caused by suffusion are plotted 

against normalized erosion time. As depicted in Figure 2.4, the results from the related studies 

(Hu et al., 2019; Xiong et al., 2020) are presented, from which it can be found that fines content 

not only determines the magnitude of the final mass loss but also alters the trend of erosion 

development. In the underfilled condition, soil mass loss reaches stability in a short period and 

exhibits a convergence trend, while in the overfilled condition, mass loss is difficult to converge, 

indicating the possibility of excessive soil loss. This effect induced by fine content is attributed 
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to the difference in microscopic contact force buckling by Liu et al. (2020), which resulted in a 

sudden change in the contribution of inter-particle force networks. Further analysis was 

conducted by examining the contact force chain through Figure 2.5 in their study. Results 

indicated that for underfilled samples, the magnitude of the contact force chain remained stable 

throughout the suffusion process (as can be observed through the marked red force chains and 

chained particles in Figure 2.5(a)-(b)). The bearing load skeleton was primarily composed of 

coarse-coarse contacts. The loss of the fines had little influence on coarse-coarse contacts. 

However, for overfilled conditions, the loss of particles resulted in a decrease in contact force, 

indicating an adjustment in soil structure and posing a challenge to soil stability. Therefore, the 

mass loss of overfilled soil was hard to stabilize. 

2.4.2 Effect of gap ratio 

The gap ratio is defined as the ratio of the size of coarse particles to fine particles in the soil. 

Previous experimental observations have confirmed that the susceptibility of gap-graded soils to 

suffusion is critically influenced by the gap ratio (Wan and Fell, 2008). Most of the judging 

criteria that determine whether the soil has a potential for internal erosion are also based on the 

size ratio (Kenney and Lau, 1985; Burenkova, 1993; Israr and Indraratna, 2017). Numerical 

research has demonstrated that gap-graded soils with high gap ratios exhibit greater susceptibility 

to suffusion than those with low gap ratios. This is attributed to the high percentage of void 

spaces in soils with high gap ratios, which provides a conducive environment for fines to 

mobilize and migrate through the soil matrix. Furthermore, the gap ratio determines the structure 

of the pore channels through which the fines migrate. As the gap ratio decreases, fines may 
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aggregate and cause infiltration and clogging, which can inhibit the progression of suffusion, as 

depicted in Figure 2.6. 

 

Based on the available CFD-DEM cases in the literature, the mass loss versus gap ratio is plotted 

in Figure 2.7. Since the channel size for fine particle transportation increases with the increasing 

gap ratio, the final total eroded particle percentage is higher for larger particle size ratios. Chen 

et al.(2023a) analyzed the pore structure using the maximal inscribed sphere (MIS) method for 

samples with different gap ratios (as is shown in Figure 2.8). They also confirmed that the 

increase in average MIS size is found to have a clear linear correlation with the percentage of 

the mass eroded value, and the pore channel was divided into the ‘narrow void filter’, 

‘intermediate void filter’ and ‘wide void filter’, which represent the connectivity of the internal 

pore structure. It’s vividly shown that the soil with a small gap ratio has a dense stacking, 

increasing the likelihood of clogging at the pore throat and decreasing the fine loss.  

2.4.3 Effect of particle shape 

Currently, most of the DEM studies simplify real sandy soil particles to spherical particles by 

introducing rolling resistance (Iwashita and Oda, 1998) to equivalently consider shape effects 

with the consideration of calculation efficiency. However, frequent particle contact and relative 

sliding occur in soils under the scour of infiltrative water flow during suffusion, in which the 

simplified spherical particles tend to ignore the contact limitation arising from the particle shape, 

and therefore underestimate the erosion hazard. According to Barrett (1980), the indexes to 

quantify the shape of particles mainly include form (aspect ratio), roundness (angularity), and 
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roughness (Nguyen et al., 2020). For the effect of particle shape on suffusion, Qian et al. (2021b) 

and Xiong et al.(2021) established the CFD-DEM models using polyhedral particles to realize 

the coupling of non-spherical particles and fluids, and investigated the influence of particle 

angularity and aspect ratio, respectively (as is shown in Figure 2.9). The results are shown in 

Figure 2.10, from which it is found that the aspect ratio of particles has an inhibitory effect on 

erosion rate. The channels through which fines are transported and lost in a spherical case are 

typically more obvious than those of non-spherical particles (Xiong et al., 2021). This is because, 

as particles become more spherical in shape, the formation of continuous voids becomes 

increasingly facile. In contrast, non-spherical particles tend to experience restricted connectivity 

between voids due to increased interparticle contact. The fluid resistance within these voids is 

also amplified, further hindering the transport of fines. The angularity is found to facilitate the 

particle interlock and resistance to rolling (Jensen et al., 1999), thus also inhibiting the 

development of erosion. As shown in Figure 2.11, in the non-spherical specimen, the migration 

trajectory of the eroded fine particles will show multiple blockages, and therefore, the loss 

probability of shaped particles is smaller compared to that of spherical particles. 

2.4.4 Effect of hydraulic gradient 

The study of the hydraulic gradient in suffusion includes two main aspects, one is the 

determination of the critical gradient that leads to the movement of fines before erosion, and the 

other is the influence of the level of hydraulic gradient on the migration of particles after the 

onset of suffusion. The critical hydraulic gradient was first determined by Terzaghi (1925) 

according to the classical geotechnical theory and the effective stress balance, but the theory can 



 

CHAPTER 2 LITERATURE REVIEW 

24 
 

only consider the critical value of soil piping, and can not give the critical hydraulic gradient 

corresponding to the migration of fine particles (i.e., suffusion). Cheng et al. (2021) performed 

the CFD-DEM studies and investigated the critical hydraulic gradient through the monitoring of 

superficial velocity provided by the CFD solver. The results demonstrate that as the hydraulic 

gradient increases, the fluid surface velocity gradually rises. Upon reaching a critical threshold, 

the water is able to induce particle migration, thereby altering the internal flow field and causing 

a significant surge in the superficial velocity. This turning point may be identified as the critical 

hydraulic gradient that triggers suffusion (Nguyen and Indraratna, 2020; Zhou et al., 2022). 

 

The impact of varying hydraulic gradient levels on the mass loss of specimens was also 

investigated in the literature. As depicted in Figure 2.12, the total mass loss generally increases 

with increasing hydraulic gradient. Notably, the hydraulic gradient exhibits a significant 

influence on the loss rate during the initial stages of seepage. At low hydraulic levels, the mass 

loss process develops gradually and slowly, whereas at high hydraulic gradients, the specimen 

mass loss increases rapidly, followed by a swift stabilization of the loss rate. However, it should 

be noted that the increase in hydraulic gradient does not lead to an indefinite increase in mass 

loss. For example, when the hydraulic gradient is increased from 8 to 16m/m, there is no 

significant change in erosion mass. According to Mu et al. (2023), the relatively low hydraulic 

gradient is inclined to induce clogging within the sample, which in turn forms the hydraulic 

tortuosity of flow. As depicted in Figure 2.13, the higher the hydraulic gradient, the lower the 

hydraulic tortuosity. Once fluid flows through the specimen with a more tortuous path, it is less 
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likely to lead to the overall migration of particles. Therefore, the increase in gradient usually 

accompanies high mass loss. 

2.4.5 Effect of other factors 

Apart from the widely studied influencing factors mentioned earlier, recent literature has also 

reported some specific conditions that consider more complex seepage and soil scenarios during 

suffusion. These include suffusion under varying seepage flow directions, confining pressure, 

and torsional shear conditions. This section aims to provide a review of these studies. 

 

In the context of dams and foundations, the direction of water flow often deviates from the 

direction of soil gravity, which can have a notable impact on the migration of fine particles. 

Xiong et al. (2020) were the first to conduct CFD-DEM simulations to examine particle transport 

under different infiltration directions. In their study, water flowed downward while the direction 

of gravity was altered in DEM to mimic different diverse angles between seepage flow and 

gravity. They found that the maximum mass loss was obtained with an angle of 0°, where the 

direction of gravity was aligned with the flow. However, contrary to expectations, the minimum 

mass loss did not occur in the sample with an angle of 180°, where the gravitational force acted 

in the opposite direction to the flow. Instead, the sample exhibited the least amount of fine 

particle loss when the gravitational force was perpendicular to the flow. Xiong et al. suggested 

that this behavior could be attributed to the fact that the perpendicular gravitational force tended 

to push the detached fine particles away from the seepage channel, resulting in the aggregation 

of particles at the side of the sample. 
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Song et al. (2024) conducted the first-ever investigation into the impact of suffusion under 

torsional shear conditions. As illustrated in Figure 2. 14, a numerical model of the Hollow 

Cylinder Torsional Shear Test (HCTST) was developed. The study examined both the rotation 

of the major principal stress axis (α) and the intermediate principal stress ratio (b) to explore the 

development of suffusion under different stress states. The eroded fine mass is shown in Figure 

2.15, where it is evident that as the major principal stress rotates from the vertical to the 

horizontal direction (i.e., as α increases), fewer fine particles are washed away by the fluid flow. 

In contrast, under identical loading conditions, more fine particles are eroded in cases with 

smaller b values. Song et al. attributed this to the stronger restriction on particles in the horizontal 

plane when α and b are larger, leading to the greatest cumulative mass of eroded fines. 

 

Many researchers have shown that increasing confining pressure reduces the soil void ratio, 

thereby mitigating suffusion. However, in gap-graded soils consisting of coarse and fine grains, 

the impact of confining pressure is more complex. Coupling effects may be triggered by the fines 

content, as demonstrated by Wang et al. (2022). In their numerical experiments, a wide range of 

fines content was considered under varying confining pressures. The results showed that the 

eroded mass generally decreased with increasing confining pressure. However, in soils with high 

fines content, a reverse trend was observed. Soils under high pressure exhibited even greater 

mass loss compared to those under low-pressure levels, as shown in Figure 2.16. This is because, 

for soil with high fines content, the fine particles become part of the force chains. As the 
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confining pressure increases, the contact forces between fine particles are strengthened. Once 

high-stressed fine particles become detached, force chains will be subjected to highly unbalanced 

forces and some of them will collapse. Therefore, the final erosion amplitude will increase as the 

confining pressure increases. 

2.5 Application of CFD-DEM in BVP study about suffusion within the discrete media 

framework 

The previous section presented simulation results using the CFD-DEM method at the RVE scale. 

In this section, this study will analyze results obtained from BVP models at larger scales. These 

models feature more DEM particles, specific structures, and complicated boundary conditions, 

attempting to reproduce the scenery of in-site engineering. At present, the establishment of a 

one-to-one model with CFD-DEM remains unfeasible due to the limitations of computational 

capabilities. To address this challenge while preserving model complexity and computational 

efficiency in BVP simulations, two methods are commonly employed. The first method involves 

constructing a model at a smaller scale under constant gravitational acceleration, whereas the 

second method entails building a model at a reduced scale subjected to centrifugal acceleration. 

 

For example, shield-driven tunnels assembled with segmental lining in saturated soils are at risk 

of suffering from suffusion through circumferential and longitudinal segmental joints (Zhang et 

al., 2019). Ibrahim and Meguid (2023) conducted a study on tunnel suffusion using the CFD-

DEM approach. Unlike previous studies that employed simplified bonding models to address 

particle loss (Tucker, 2004; Wynn et al., 2008; Gu et al., 2019), Ibrahim and Meguid (2023) 
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developed a comprehensive model of the tunnel structure, encompassing sand particles, tunnel 

lining, infiltration flow, and pipe joints. To alleviate the computational cost, a small-scale model 

was constructed based on particle diameter, measuring 0.2m by 0.2m with a thickness of 10D50 

(D50 at 50% mass passing), comprising approximately 40,000 particles and 3,200 fluid meshes. 

Liu et al. (2023a) conducted a comparable study in which they also modeled the opening of 

tunnels under 1g acceleration. Their BVP model measured 25D50×3D50 × 22D50, consisting of 

about 20,000 particles. Erosion was simulated by introducing pre-set cracks within the tunnel 

walls. As shown in Figure 2.17, the infiltrative water flow caused the loss of soil surrounding 

the cracks, leading to substantial displacement and settling of the surrounding soil. Parametric 

analysis of sand erosion was then presented, including the impact of water level, crack width, 

height of the sand layer, and crack angle. Compared with conventional approaches such as indoor 

tests and FEM analyses, the CFD-DEM method offers significant advantages in accounting for 

the discrete characteristics of infiltrated soil around the tunnel. However, the limitations of the 

approach are also noteworthy. Due to the small size of the simulated structure, the boundary 

effects on the overall response are pronounced, particularly in the longitudinal direction along 

the tunnel, where the constraint between longitudinal particles cannot be considered, leading to 

an overestimation of the seepage-induced ground loss and surface settlement (Liu et al., 2023a).  

 

Another method to reduce the particle number in CFD-DEM numerical simulations is to 

introduce centrifugal acceleration. Centrifuge tests on small-scale model structures allow 

researchers to study full-scale structures by taking advantage of the centrifuge scaling laws. 
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Referring to centrifuge experiments, several researchers (Abate et al., 2015; Sakaguchi et al., 

2018; Yin et al., 2020b) have developed scaled-down simulation models by increasing the 

acceleration of gravity. In a pioneering study, Qian et al. (Qian et al., 2021a) investigated 

suffusion in tunnels using the CFD-DEM under an elevated gravity of 100g. The tunnel model 

comprising over 1,000,000 particles, measured 350mm × 420mm with a burial depth of 280 mm. 

These dimensions corresponded to a prototype size of 35m × 42m, similar to actual engineering 

structures. According to the similarity criterion, the force state in the prototype can also be 

replicated by the scaled-down model. The CFD-DEM simulations utilizing centrifugal 

acceleration appear to be more realistic than the small-scale models under 1g, and the obtained 

results could provide valuable insights for disaster prevention in engineering projects. However, 

determining fluid properties such as density and viscosity during erosion remains a significant 

challenge. Qian et al.(2021a) and Fu et al.(2022) both encountered similar difficulties, since the 

fluid properties at 1g were utilized in their studies despite the acceleration having been increased 

in the modeling, resulting in errors in fluid interactions. Addressing this issue and determining 

accurate fluid parameters after increasing the centrifugal acceleration will be a critical factor in 

the application of CFD-DEM in BVP. Thus, further research is needed to overcome these 

challenges and improve the accuracy and reliability of this modeling approach (Marshall et al., 

2010). 

2.6 Numerical study of macroscopic suffusion under the continuum mechanics framework 

As evidenced by the preceding analysis, numerical simulations of suffusion based on the discrete 

media framework inherently suffer from scale limitations. Neither the RVE model nor the BVP 
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model can achieve substantial breakthroughs in simulation scale. This limitation arises from the 

fundamental principles of the DEM since it requires independent calculations for the interaction 

force and displacement of each particle. When the model size increases, the number of particles 

grows exponentially, leading to a dramatic surge in computational demand. Despite efforts by 

researchers to accelerate calculations using methods such as GPU parallel computing, these 

improvements still cannot fundamentally eliminate the substantial gap between discrete medium 

simulations and real engineering scales. Consequently, the application and broader adoption of 

discrete media-based research findings in engineering practice face significant skepticism.  

 

For this reason, scholars have made numerous new attempts to study suffusion within the 

continuum medium framework in order to improve the scale of simulations. The advantage of 

this approach is that continuum mechanics can describe the erosion process using a series of 

partial differential equations, transforming the complex physical problem into the solution of 

control equations. Moreover, continuum mechanics offers efficient solving methods such as the 

FEM and the Material Point Method (MPM). Compared to the DEM, these methods are more 

convenient for simulating suffusion phenomena at real-world scales. This section will introduce 

the relevant work in this regard. 

 

Current continuum-based modeling of erosion is fundamentally grounded in mixture theory. The 

mixture theory provides a framework for describing systems where multiple constituents, 

including soils and fluent, coexist within the same space simultaneously. Volume fractions are 
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used to represent the relative proportions of each constituent. The suffusion process is fully 

deterministic and described by the mass balance of the mixture system. Vardoulakis et al. (1996) 

pioneered a mathematical model for sand production problems, in which saturated soil is treated 

as a two-phase, three-constituent continuum medium. The two phases consist of fluid and solid, 

while the three constituents comprise the water, soil skeleton, and fluidized soil particles. 

Subsequent studies have developed various multiphase models (Papamichos et al., 2001; Cividini 

and Gioda, 2004; Uzuoka et al., 2012; Ibrahim and Meguid, 2023), with some incorporating 

erodible fine-particle constituents attached to the soil skeleton, thereby establishing two-phase, 

four-constituent models (Steeb et al., 2007; Schaufler et al., 2013; Lei et al., 2020). In recent years, 

this theoretical framework has been extended to unsaturated soils, where the inclusion of pore gas 

enables the development of three-phase, five-constituent models. Figure 2.18 schematically 

illustrates these different mixture theory approaches. 

 

Beyond establishing continuum models for granular soils, researchers have progressively 

incorporated erosion-dependent constitutive models and hydraulic models to characterize 

infiltration processes (Yin et al., 2016a, 2020a). To solve the governing equations, an erosion 

law must be introduced to quantitatively describe the rate of fine particle detachment from the 

solid matrix and subsequent transition into the fluid phase. However, deriving an exact 

mathematical expression for this law remains particularly challenging, as it involves 

microscopic-scale particle mass transfer. Current solutions in the literature typically rely on 

semi-empirical formulations derived from laboratory experiments (Vardoulakis et al., 1996; 
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Reddi et al., 2005; Cividini et al., 2009). Upon establishing the erosion law, this formulation can 

be numerically implemented to solve the coupled mass balance equations governing the multi-

phase particulate system. 

 

Yang et al. (2017, 2020a) employed the Galerkin-weighted residual method to derive the finite 

element standard formulation for solving the mass balance equations. They developed a user-

defined eight-node quadratic Serendipity element within the finite element software ABAQUS 

to solve for the unknown variables. To validate the method’s applicability to engineering 

problems, it was applied to an internal erosion case in a foundation dam, as illustrated in Figure 

2.19. The fluid from the upstream to the downstream side causes fine particle migration, 

ultimately leading to dam failure. Subsequently, Yang et al. further applied this model to the 

study of internal erosion in tunnel engineering (Yang et al., 2022). 

 

Lei et al. (2020) developed a set of governing equations for suffusion within the MPM 

framework. As a mesh-free numerical approach, MPM demonstrates superior capability over 

FEM in simulating large soil deformations caused by seepage erosion. The proposed 

computational framework was applied to model unsaturated slope erosion under rainfall 

infiltration, with a slope geometry of 7m height and 35° inclination. To minimize boundary 

effects, an additional layer of material points was incorporated at the slope base, while roller 

boundary conditions were imposed on both sides and fixed boundary conditions were applied at 

the bottom to simulate an impermeable substratum. Figure 2.20 presents the results of MPM 
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simulations showing the plastic shear strain and the mass of eroded fine particles. The results 

reveal that, following erosion, plastic strain extends from the base to the top of the slope. Due to 

particle loss, severe damage and large deformations occur at the slope crest. Furthermore, 

significant loss of fine particles is observed near the slope surface, resulting in downslope 

movement under the combined influence of gravity and water infiltration. Similarly, Xie et al. 

(2022) established a seepage-erosion-hydro coupling model using an explicit two-phase MPM 

formulation, which was subsequently applied to analyze a practical engineering case involving 

twin-tunnel construction in China. 

2.7 Summary 

This chapter provides a review of numerical studies on suffusion at different scales. It is evident 

that within the framework of discrete medium mechanics, the DEM method enables detailed 

characterization of particle migration and fluid-solid interactions, which facilitates the 

reproduction of the micro- and macro-mechanisms underlying internal erosion. However, 

limitations in computational power hinder the application of this method at larger scales, 

particularly those comparable to physical model tests or real-world engineering projects. In 

contrast, numerical modeling for macroscopic erosion still needs to be developed within the 

classical continuum mechanics framework. Yet, compared to the DEM, continuum mechanics 

struggles to provide refined descriptions of particle migration and micro-scale contact evolution. 

To address the abovementioned research gaps, a CFD-DEM-FEM coupled method, and the 

cross-scale analysis framework should be established. 

.
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Table 2.1 Comparison of different fluid/DEM modeling methods 

 Un-resolved CFD-DEM Resolved CFD-DEM Semi-resolved CFD-DEM LBM-DEM SPH-DEM 

Mesh size ( ) max3 4l D −  
min / (8 10)l d −  ( ) max1 2l d −  

minl d  / 

Solution accuracy Low High Medium High Low 

Handling of 

bypassed fluids 
Mesh averaging Precise solution 

Mesh averaging for fine particles; 

Precise solution for coarse particles 
Precise solution 

Calculating 

each fluid 

particle 

Computing 

capabilities 
Up to 105 -106 particles 102 -103 particles No more than 104 particles 102 -104 particles 

Up to 105 -106 

particles 

Computational 

efficiency: 

2ha for 19,500 particles and 

650 fluid meshes; 

4hb for 219,000 particles 

and 650 fluid meshes 

 45.8hc for 299 particles 

and 506,250 fluid meshes 

12*24hb for 19,500 particles and 

6*105 fluid meshes; 

120*24hb for 219,000 particles and 

6*105 fluid meshes 

160hd for 26,728 

particles and 6.4*107 
lattice 

4h46mine for 

1000 DEM 

particles and 
240,771 SPH 

particles 

Advantage 

Powerful computational 

efficiency; 

Dense particulate flow; 

Huge particle number 

High predictive accuracy in 

estimating the interaction 

between particles and fluid 

Higher accuracy compared to 

unresolved CFD-DEM and lower 

computational cost compared to 

fully-resolved CFD-DEM 

Simulating complex 

fluid flows with 

irregular boundaries 

and interfaces 

Fluid with free 

surfaces; large 

deformations of 

particles 

Limitation 

Unavailability of pore fluid 

information; failure to use 

for the coupling of 

complex particle shapes 

Extremely large 

computational burden; 

Single or very few 

particles; 

The demand for high-

performance solvers; 

High calculation costs 

The bypassing fluid around the 

small particles is not solved; 

 A large demand for fluid meshes 

Difficult to simulate 

systems with high 

particle concentrations 

Less accurate in 

modeling the 

fluid near walls 

and boundaries  

Application 

Fluidized bed; 

Geotechnical Engineering; 

Chemical pharmaceuticals; 

Grain storage 

Dam break wave impact on 

a rock pile 

Determination of critical hydraulic 

gradient 

Fluidized bed; 

transport of sediment 

Debris flows; 

avalanches; 

landslides 

Note: maxD  is the maximum diameter of the coarse particle; mind  and
maxd  is the minimum and maximum diameter of the fine particle; 

a Performed on 8 CPUS (Intel Xeon CPU E5-2680 v2 @ 2.80 GHz) (Cheng et al., 2018); b Performed on 64 CPUS (Intel Xeon CPU E5-2680 v2 @ 2.80 GHz) (Cheng 

et al., 2018); c Performed on 30 CPUS (Intel Xeon E5-2690 @ 2.90 GHz) (Shen et al., 2022); d Performed on Intel Xeon(R) CPU E5-2620 v4@2.10 GHz (Ma et al., 

2021) e Performed on NVIDIA GeForce RTX 2070 Mobile (Xu and Dong, 2021) 
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Figure 2.1 Algorithm flowchart of CFD-DEM coupling 

 

Figure 2.2 Contributory factors to suffusion (after Shire et al. (2014)) 
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Figure 2.3 Schematic diagram of the RVE suffusion model (after Liu et al. (2020)) 

 

Figure 2.4 The influence of fine content on mass loss. 
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(a) (b) 

  
(c) (d) 

Figure 2.5 The evolution of local packings during suffusion for underfilled and overfilled samples: (a) 

Underfill: before suffusion; (b) Underfill: after suffusion; (c) Overfill: before suffusion; (d) Overfill: after 

suffusion 

 

Figure 2.6 Fines clogging in pore channel for different gap ratios. (after Xie et al. (2023)) 
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Figure 2.7 The influence of gap ratio on mass loss 

 

   
(a) (b) (c) 

Figure 2.8 Internal pore structure captured by MIS (adapted from Chen et al.(2023a)): (a) Gap ratio=3.0; (b) 

Gap ratio=5.4; (c) Gap ratio=11.2 
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(a) (b) 

Figure 2.9 CFD-DEM models with shaped particles (a): models considering particle aspect ratio (after Xiong 

et al. (2021)); (b): models considering particle angularity (after Qian et al. (2021b)) 

 

  
(a) (b) 

Figure 2.10 The influence of particle shape on mass loss: (a) Effect of aspect ratio; (b) Effect of angularity 
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Figure 2.11 Particle trajectory in the non-spherical sample (after Qian et al. (2021b)) 

 

Figure 2.12 The influence of hydraulic gradient on mass loss 
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Figure 2.13 Fluid streamline of samples with different hydraulic gradients (after Mu et al. (2023)) 

 

 

Figure 2. 14 The coupled CFD-DEM suffusion model for hollow cylinder torsional shear test (after Song et 

al. (2024)) 
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Figure 2.15 Variation of eroded mass with rotation of the major principal stress axis (α) and intermediate 

principal stress ratio (b) (after Song et al. (2024)) 

 

 

Figure 2.16 Eroded mass under different confining pressure and fines content (after Wang et al.(2022)) 
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Figure 2.17 Model of tunnel erosion (after Ibrahim and Meguid, (2023)) 

(a) (b)   

(c)  (d)  

Figure 2.18 (a) two-phase three-component mixture, (b) two-phase four-component mixture, (c) three-phase 

five-component mixture, (d) conceptual representation of a three-phase five-component mixture 
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Figure 2.19 Scheme of the dike-on-foundation with a cavity located at the bottom. 

 

 

(a) 

 

 (b) 

Figure 2.20 Contours of (a) equivalent plastic shear strain and (b) erodible fines mass fraction (after Lei et al. 

(2020)) 
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CHAPTER 3 SUFFUSION MECHANISM UNDER ANISOTROPIC 

STRESS CONDITIONS 

3.1 Introduction 

One of the key factors influencing the development of internal erosion in sandy soils is the soil 

stress state. This is particularly relevant in hydraulic structures such as dams and reservoirs, 

where the soil in different regions is often subjected to different stress environments. 

Consequently, during groundwater seepage, the flow direction may vary in orientation relative 

to the principal stresses in the soil. As illustrated in Figure 3.1, for foundation soils, the seepage 

direction is parallel to the direction of the minimum principal stress, whereas in the core walls 

of dams, the seepage direction is perpendicular to the minimum principal stress. Therefore, the 

stress anisotropy of the soil will inevitably affect the development process of suffusion. 

 

Over the past few decades, researchers have conducted laboratory experiments to investigate 

how anisotropic stress states influence the evolution of erosion. For example, Moffat and Fannin 

(2011) performed internal erosion tests under 
0K -stress conditions, and observed that the critical 

hydraulic gradient required to initiate suffusion increases with the applied effective overburden 

stress. Furthermore, under triaxial shear stress conditions, Chang and Zhang (2013b) used an 

improved triaxial apparatus to conduct erosion tests on soils subjected to complex stress states. 

Their results showed that samples under anisotropic stress conditions exhibited greater mass loss 

than those under isotropic stress. Based on experimental observations, Chang and Zhang 

classified suffusion under anisotropic stress conditions into four distinct stages: the stable stage, 
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initiation stage, development stage, and failure stage. They also identified three corresponding 

critical hydraulic gradients. Luo et al. (2020) conducted similar erosion tests, however, their 

results revealed some differences compared to those of Chang and Zhang. Firstly, they found 

that the entire erosion evolution process could be divided into six stages rather than four. 

Secondly, the critical hydraulic gradients determined by Luo et al. were significantly lower than 

those reported by Chang and Zhang. These discrepancies highlight the necessity of gaining a 

more accurate understanding of the influence of stress anisotropy on suffusion.  

 

The analysis above reveals that studying the impact of stress anisotropy on erosion inherently 

involves both particle transport, represented by the DEM, and fluid motion, represented by CFD. 

Thus, to comprehensively understand the erosion process under varying stress conditions, this 

section utilizes the previously introduced CFD-DEM coupling method to undertake pertinent 

investigations and delve into the evolution mechanism from a microscopic standpoint.  

3.2 Simulation of suffusion under anisotropic stress conditions 

3.2.1 Model setup 

In this section, the subject of investigation is a gap-graded soil sample composed of a mixture of 

coarse and fine particle groups. The diameter of the coarse particles ranges from 1.8 to 2.0mm, 

while the diameter of the fine particles ranges from 0.3 to 0.33mm. The fine content 
cf  is set at 

25%. According to the study by Skempton and Brogan (1994), the mechanical behavior of soils 

with fine content less than 24% differs significantly from those with fine content greater than 

29%. Since the primary objective of this chapter is to investigate the influence of stress 
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anisotropy—rather than the variation in 
cf —the fine content is set near the transitional boundary 

between the two filling states, in order to minimize the influence of fine content on the results. 

The particle size distribution curve of the sample is shown in Figure 3.2. According to the 

research by Fannin and Moffat (2006), a soil can be classified as internally unstable, i.e., prone 

to internal erosion under seepage conditions if the ratio 
15 85/ 4c fD d  , where 15cD  is the 

diameter of coarse particles corresponding to 15% by mass, and 
85 fd  is the diameter of fine 

particles corresponding to 85% by mass. In the sample used in this study, 
15 85/ 6c fD d = , 

satisfying the aforementioned criterion. Furthermore, based on the findings of Burenkova (1993), 

if 90 60/d d  of the soil satisfies the following condition, it can also be identified as an internally 

unstable soil: 

 ( ) ( )90 15 90 60 90 150.76log / 1 / 1.86log / 1d d d d d d+   +  (3.1) 

where, xd (x=15, 60,or 90) denotes the particle diameter corresponding to x% by mass of the soil 

sample. The above criterion divides soil types into three distinct regions, as illustrated in Figure 

3.3. It can be observed that the gradation of the soil sample used in this study also falls within 

the region classified as internally unstable. 

 

In this study, three different stress states are considered to investigate the influence of anisotropic 

stress conditions on suffusion. These stress states correspond to triaxial extension, triaxial 

compression, and isotropic compression, as illustrated in Figure 3.4. A total of 15 sample groups 

are simulated. Each group is initially subjected to isotropic confining pressure, with the mean 

stress controlled at 50kPa, 100kPa, 150kPap = . Subsequently, the radial pressure r  is kept 
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constant while the axial pressure a  is increased to vary the deviatoric stress q , thereby 

achieving the desired stress ratio （ /q p = ） to simulate different stress conditions. In the 

case of triaxial compression, the maximum   value is 0.63; for triaxial extension, the minimum 

  is -0.5; and for isotropic compression,  =0. A detailed overview of the different sample 

configurations is provided in Table 3.1. 

 

As suffusion is a long-term process, continuously varying hydraulic gradients are adopted to 

investigate the progressive evolution of sandy soils (Ke and Takahashi, 2014a; Hu et al., 2019). 

As shown in Figure 3.5, the hydraulic gradient is applied in a staged manner, covering a wide 

range from 0.1 to 10m/m to take into account, as far as possible, the seepage conditions that may 

be encountered in practical projects. A non-linear gradual increase in the hydraulic gradient is 

used to investigate critical hydraulic gradient during erosion, i.e., 0.1 per 0.5s for 0.5i  , 0.15 

per 0.5s for 0.5 1.1i  , 0.3 per 0.5s for 1.1 2.0i  , 0.5 per 0.5s for 2 10.0i  .  

 

Fifteen samples with different stress states and variable hydraulic heads are considered in this 

study to investigate the influence of stress anisotropy and critical gradient. Each gap-graded 

sample measures approximately 15mm×15mm×19mm ( 50 50 508 8 10D D D  ), consisting of 

roughly 55000 particles. There is a slight difference in dimensions between specimens due to 

different stress states. In the present study, the soils are simulated as perfect spheres for 

reasonable calculation efficiency. Instead, the influence of particle shape is taken into 

consideration by applying rolling resistance (Wang et al., 2019; Peng et al., 2020; Yin et al., 
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2020b; Qian et al., 2021a; Zhang and Yin, 2021). The soils are confined and loaded by six rigid 

walls. The friction coefficient between the particles and walls is 0.5, the same as between 

particles and particles. The Hertz-Mindlin contact model is employed to describe the interparticle 

contact behavior. Young’s modulus equals 
91 10 , ensuring the total overlap of particles is 

within 2% (Chand et al., 2012; Peng et al., 2021). Other parameters adopted in this study are 

listed in Table 3.2. The fluid flows upward from the bottom to the top to eliminate the effect of 

gravity (Xiong et al., 2020). Since the number of particles used in the numerical calculations is 

relatively low due to limitations in computational power, and if downward seepage is considered, 

the loss of particles due to gravity will offset the discrepancy at different stress states. There is 

an extra height in the CFD domain to enclose the DEM sample (as shown in Figure 3.6). 

According to the benchmark of Qian et al. (Qian et al., 2021b), the size of the fluid cell is set 

2mm 2mm 2mm  , which is equal to the largest particle diameter, and is 6 times the smallest 

particle. 

3.2.2 Simulation procedure of suffusion 

The overall simulation scheme mainly consists of the following steps: 

Step 1: Sample generation. Soil particles are initially randomly dispersed in a large cuboid with 

a size of 15mm×15mm×80mm. Then the top and bottom walls are driven to compress the loose 

soil under a small stress level of 10kPa, after which the axial and radial stresses are increased 

under a servo mechanism up to a predetermined value. Gravity is switched off during this stage 

to generate a homogeneous sample. 
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Step 2: Gravity balance. Gravitational acceleration is activated and applied to the particles during 

this step, allowing the sample to reach internal stress equilibrium under its self-weight. This 

process lasts approximately 4 seconds. It is worth noting that, although some fine particles 

inevitably migrate downward through internal pores under the influence of gravity, the 

previously applied confining pressure during the preloading stage significantly reduces particle 

movement. 

 

Step 3: Internal erosion. During suffusion, the top wall is first replaced by a filter wall with holes 

through which fine particles can be washed away by the fluid (as shown in Figure 3.7). The size 

of the hole is 2.5 times the diameter of the largest fine particles but less than the diameter of the 

coarse particle. Suffusion lasts 14s, and during this process, the soil stress state is kept unchanged. 

3.3 Numerical Results and Discussion 

3.3.1 Mass loss of fine particles 

Figure 3.8 plots the cumulative mass loss of fine particles with elapsed time. In the present study, 

the fine particle loss em  is calculated by the ratio of eroded fines mass and total fines mass. 

Samples under different stress ratios but the same confining stress of 50kPa are taken as 

examples to elaborate on the soil response to stress states. For a comparative analysis, the figure 

also shows the results of physical experiments conducted by Chang and Zhang (2013b) (see the 

red curves in Figure 3.8). It can be observed that the cumulative loss of fine particles obtained 

from the experiment is greater than that from the numerical simulation. This discrepancy is 

primarily due to two factors: first, in the physical experiment, seepage was applied in the same 
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direction as gravity, which intensified the migration of fine particles; second, the stress ratio in 

the physical test reached as high as 1.5, which is significantly greater than the stress ratio used 

in the simulation. As a result, there is a numerical difference between the experimental and 

simulation outcomes. However, it is important to note that both the experimental and numerical 

results exhibit a consistent evolution pattern of fine particle loss, namely that stress anisotropy 

significantly intensifies the erosion and migration of fine particles. Specifically, the total fine 

particle loss for T2-D1-CP50-1 and T4-D3-CP50-1 under anisotropic state is 6.9% and 8.1%, 

respectively, while T0-D0-CP50 under the isotropic confining stress state has a fine particle loss 

of only 4.1%. Furthermore, Figure 3.9 shows the final mass loss for all the samples, from which 

it can also be concluded that samples with stress anisotropy will have more fines eroded and that 

the higher the stress ratio, the greater the mass loss. In Section 3.4, this study will give a specific 

microscopic explanation for the macroscopic phenomenon that stress anisotropy increases fine 

particle loss. 

 

As the hydraulic gradient continues to increase, the loss of fine particles also shows different 

phasing characteristics. For example, for specimen T4-D3-CP50-1, no fine particle loss (i.e.,

=0em  ) occurs from 0 to 1.3s (corresponding to 0 ~ 0.36m/mi =  ). The specimen undergoes 

significant fine particle loss from 1.3s to 5.2s (corresponding to 0.36 ~1.82i = ). The loss rate 

then slows down until 10.7s ( 7.2m/mi = ) when the fine particle loss again accelerates slightly 

and finally reaches equilibrium (fines loss is essentially constant). Such an evolution process is 

consistent with the four stages and three critical hydraulic gradients summarized in the 
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experimental study by Chang and Zhang (2013b). However, it is important to clarify that this 

evolution process does not apply uniformly to samples under all stress conditions. For instance, 

in the case of sample T2-D1-CP50-1, the mass loss curve displays more distinct transitional 

stages. Similarly, the laboratory seepage erosion tests conducted by Luo et al. (2020) also 

demonstrated that the development of fine particle loss involves more than just four stages. Given 

the ongoing debate surrounding the applicability of the four-stage erosion evolution model, this 

study focuses solely on analyzing the critical gradient corresponding to the initial onset of fine 

particle migration—referred to as the initial critical hydraulic gradient. The details of this 

analysis are presented in Section 3.3.3. 

3.3.2 Variation in void ratio 

After applying a hydraulic gradient to the sample, fine particles are driven by the hydraulic force 

to migrate through the coarse particle skeleton, thereby causing a change in the sample's void. 

To facilitate the analysis of the void ratio variation, the specimens are divided into four equal 

portions along the Z-axis, and the void ratios are counted separately (see Figure 3.10). Figure 

3.11 plots the pre- and post-erosion void ratio at different positions under different
r , from 

which it can be seen that the initial distribution of void ratio for samples under a relatively small 

confining pressure (50kPa) is more inhomogeneous compared to samples with a relatively large 

confining pressure (100kPa and 150kPa). This is because, the particles used in this study are a 

mixture of coarse and fine parts, and the size ratio between them is up to 6. Therefore, the fines 

can move freely through the pore because of gravity, especially when the confining pressure is 

low. However, it should be noted that through the method used in the aforementioned sample 
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generation stage, the maximum porosity deviation before erosion is controlled to be around 0.05 

(for the T1-D0-CP50 sample), which is permissible for specimens with a size ratio of 6 (Hu et 

al., 2019). By observing the void ratio after suffusion, it can be found that at the fourth layer near 

the filter, samples under different conditions show a significant increase in porosity, indicating 

that fine particle loss is more severe at this location. For the isotropic and triaxial extension stress 

states of the specimens (e.g., samples of T1-D0-CP50 and T4-D3-CP50-1), the difference in void 

ratio between the different layers decreases compared to pre-erosion. In contrast, the void ratio 

difference increases for the triaxial compression stress state, as in T2-D1-CP50-1, where the 

maximum difference in the void ratio is up to 0.1 after internal erosion. This characteristic can 

be found in different r , indicating that for samples under triaxial compression states, the erosion 

path for the fines at the bottom is obscure and therefore the particle loss is mainly from the upper 

fines. This can be further evidenced by the microscopic particle trajectories in Section 3.4. 

3.3.3 Critical hydraulic gradient 

As the hydraulic gradient increases, fine particles in the soil begin to erode when the applied 

gradient is greater than a critical value, which is known as the critical hydraulic gradient. 

However, there are some discrepancies in determining the critical hydraulic gradient in previous 

laboratory physical experiments. Some scholars determine the critical value solely based on the 

turning point on the mass loss curve (Chang and Zhang, 2013b; Liang et al., 2019), but this 

method largely relies on the subjectivity of the experimenter, which can lead to deviations. 

Therefore, this study combines mass loss and microscopic surface velocity change to propose a 

new method for determining critical hydraulic gradients, avoiding the disturbance of subjectivity 
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in the results. Figure 3.12 plots the cumulative mass loss (in black line) and soil surface velocity 

(in red line) versus simulation time. The surface velocity is defined as the z-directional average 

velocity of the fine particles close to the filter. In the initial stages of seepage erosion, the drag 

force exerted by the hydraulic gradient is less than the weight of the particles so that the fine 

particles move downward with a negative surface velocity without fines loss ( 0em =  ). The 

surface velocity is positive from 1t t=   and does not reappear negative for the phase 1t t  , 

indicating that the upward drag force is greater than the particle’s gravity, and the particle moves 

upward. At the same time, the mass loss occurs at 1t t=  ( 0em   ), so the hydraulic gradient 

corresponding to 1t  is determined as the critical value. It is also worth noting that there are other 

points where the rate of mass loss changes significantly in the cumulative mass loss curve (e.g.,

2 4~t t t= ). At 3t t= , for example, the surface velocity remains almost constant but the mass loss 

is still significantly accelerated. Previous scholars usually take the hydraulic gradient 

corresponding to 3t t=   as another critical value, thus summarizing the erosion process into 

different stages (Chang and Zhang, 2013b). However, the conclusion is not corroborated by 

similar experimental results from other scholars, so the hydraulic gradients corresponding to 

2 4~t t t=  are not taken as a critical value in this study. Through the above method, the critical 

hydraulic gradient corresponding to the occurrence of erosion can be accurately defined, 

eliminating the subjectivity in observation that arises from relying solely on the inflection point 

on the mass loss curve. 

 

Figure 3.13 shows the critical hydraulic gradients of samples under different stress states 
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determined using the above method. It can be observed that as the confining pressure increases 

from 50kPa to 150kPa, the critical hydraulic gradient of samples with the same stress ratio 

also increases. For example, when 0 = , the gradient of soil under 50kPar = is 0.45m/m, while 

that of soil under 150kPar = grows to 0.70m/m, indicating that the increase in confining pressure 

enhances the erosion resistance of soil. In addition, it’s observed that the critical hydraulic 

gradient of the triaxial extension specimens ( 0   ) is close to that in isotropic compression 

( 0 = ) under the same r . In contrast, the critical hydraulic gradient is significantly higher in 

triaxial compression ( 0  ). As shown in Figure 3.13, for example, the critical values for T4-

D3-CP50-1 and T1-D0-CP50 are 0.38 and 0.45m/m, respectively, while the critical gradient for 

T2-D1-CP50-1 grows to 0.62m/m, about 1.6 times that of T4-D3-CP50-1 and 1.4 times that of 

T1-D0-CP50. Moreover, it is generally accepted that the onset of internal erosion is directly 

related to the initial void ratio, that is, the smaller the void ratio, the greater the critical hydraulic 

gradient (Liu et al., 2021), but this rule does not apply when the effect of stress anisotropy is 

taken into account. As shown in Figure 3.14, the critical hydraulic gradient and the void ratio are 

negatively correlated for specimens under the same stress state. However, for specimens with 

different stress ratios, even if they have the same initial void ratio, the critical hydraulic gradient 

is not the same. Specifically, the void ratio of T6-D0-CP100 is 0.461, which is less than that of 

T2-D1-CP50-1 (0.485). Nevertheless, the former has a critical hydraulic gradient of 0.55m/m, 

smaller than the latter’s 0.62m/m. This phenomenon was also observed in the physical 

experiments (Chang and Zhang, 2013b). This study investigates the phenomenon from the 

microscopic perspective of force chain distribution and particle coordination numbers, which 
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will be presented in Section 3.4. 

3.4 Microscopic analysis and mechanism 

3.4.1 Response of hydraulic drag force and contact force 

To explore the influence of the stress state on internal erosion at a microscopic level, the 

evolution of contact force and hydraulic force (drag force) is first analyzed. Since coarse particles 

do not get lost and show less movement compared to fine particles, it would be more interesting 

to see the drag force and contact force on fine particles considering their most significant role in 

suffusion. For analysis purposes, the contacts that fine particles involve are divided into coarse-

fine (c-f) particle contacts and fine-fine (f-f) particle contacts, and the average force of these two 

types of contact is counted separately. As shown in Figure 3.15, with the variation in the 

hydraulic gradient, the average drag force shows a distinct step change. It is worth noting that as 

suffusion develops and the hydraulic gradient increases, the coarse-fine contact force gradually 

decreases, while the fine-fine contact force shows the exact opposite trend, gradually increasing 

(in absolute terms). This is because, during the initial stage of suffusion, fine particles primarily 

act as filler between particles and are distributed within the pores formed by the coarse skeleton, 

contributing very little to the overall stress transmission of the soil, with minimal inter-particle 

forces. However, after the fluid action, fine particles with weaker inter-particle contact forces 

are eroded, and the remaining fine particles form close contact with surrounding particles under 

the action of the drag force. As a result, their inter-particle interactions increase as erosion 

progresses. In contrast, the coarse-fine contact force is relatively large before erosion, indicating 

that it bears part of the force transmission. However, this contact type is not stable (in related 
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studies, it is referred to as a metastable structure (Hu et al., 2020b; Qian et al., 2021b)), so once 

the fluid infiltrates, the soil structure can be easily disrupted, leading to a continuous reduction 

in the average coarse-fine contact force. Additionally, it can be observed that the coarse-fine 

contact force exhibits significant fluctuations at 1.3st = , which coincides with the previously 

determined critical hydraulic gradient time point. Therefore, the main reason for the fluctuation 

in contact force is that after fine particles begin to be lost, the particles undergo redistribution 

and adjustment. During the period of 6.5st  , the average contact force decreases slowly 

without noticeable fluctuations. Correspondingly, there is no significant change in the mass loss 

rate on the mass loss curve (as shown in Figure 3.8). 

3.4.2 Anisotropy of contact force 

As introduced in Section 3.3.1, samples under triaxial extension and triaxial compression states 

typically experience more mass loss than those under isotropic compression states, indicating 

that the initial stress anisotropy of the sample reduces soil erosion resistance. The above 

simulation phenomenon can be explained by the anisotropy of particle contacts at the 

microscopic level. To characterize the anisotropy of particle contacts, the angles on the xoy plane

  and the yoz plane   are used to represent the orientations of particle contacts in 3D space (as 

shown in Figure 3.16). Then, the spatial distribution function ( , )E    is used to quantify the 

particle contact information (Xiong et al., 2020). Considering the symmetry along the z-axis, the 

variable can be eliminated by averaging the function as ( ) ( )
2 2

0 0
, , /E E d d

 

     =   . Then, 

the simplified distribution function on the basis of the second Fourier component is written as: 

1
( ) [1 cos 2( )]

2
E    


= + −  (3.2) 
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where
2

0
( ) 1E d



  =  . The parameter    defines the magnitude of the anisotropy and 

determines the principal direction, which are calculated as: 

2 2
2 2

0 0
2 ( )cos 2 ( )sin 2E d E d

 

         = +
         (3.3) 

2

0

2

0

( )sin 21
arctan

2 ( )cos 2

E d

E d





  


  
=




 (3.4) 

Figure 3.17 shows the spatial distribution of contact configuration (contact number and contact 

force magnitude) for the 50kPar =  samples. Before suffusion begins, the contact number in 

the newly generated cubic sample is relatively evenly distributed in all directions, so the 

anisotropy coefficient of the contact number, c , is small, and the differences between samples 

under different stress states are not significant.  

 

The initial orientation of the normal contact force is consistent with the stress states applied to 

the sample. For the T2-D1-CP50-1 and T4-D3-CP50-1 samples under stress anisotropic states, 

the contact force anisotropy coefficient, n , is much greater than that of the isotropic T1-D0-

CP50 sample. More importantly, the anisotropic principal directions, n , for the T2-D1-CP50-

1 and T4-D3-CP50-1 samples are 1.51° and 90.8°, respectively, which align with their maximum 

principal stress directions. The evolution of anisotropic parameters n  and n  for the normal 

contact force versus time is presented in Figure 3.18. It can be observed that for the isotropic 

sample T1-D0-CP50, n  remains almost constant throughout the process, with a very small 

value. In contrast, for the anisotropic stress state samples T2-D1-CP50-1 and T4-D3-CP50-1, 

n  decreases continuously after the hydraulic gradient is applied, indicating that for the initial 
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anisotropic samples, fine particle loss leads to adjustments in particle contact, resulting in a trend 

from initial stress anisotropy to stress isotropy. Such a change in contact force inevitably leads 

to a corresponding adjustment in particle position, which in turn increases particle-to-particle 

misalignment and therefore a significant increase in the likelihood of fine particles passing 

through the pores between coarse particles’ matrix. Ultimately, at the macroscopic level, 

specimens with initial stress anisotropy appear to lose significantly more fine particles than 

specimens with isotropic stress. Furthermore, Figure 3.19 plots the evolution of the local contact 

forces during suffusion, from which the transformation of the contact force from anisotropic to 

isotropic can be clearly seen. The local force chains illustrated in Figure 3.19(b)-(d) are the 

selected areas marked in Figure 3.19(a). At the beginning ( 0st = ), under the stress state of 

triaxial extension (
r a  ), the local contact force chain has a significant horizontal anisotropy 

distribution. Then at 6st = , the fine particle loss triggers a structure adjustment (i.e., the contact 

force chains form an isotropic three-dimensional structure in space). As seepage continues, this 

isotropic structure does not change in form but is further strengthened as the contact forces in all 

three directions increase, indicating that this stable structure could well resist seepage erosion. 

3.4.3 Response of coordination numbers 

Connectivity, the number of contacts per particle with its neighboring particles, can be used to 

measure how difficult it is for particles to be mobilized by seepage flow. It is generally 

acknowledged that fine particles with low connectivity are vulnerable to hydraulic forces (Hu et 

al., 2019). Figure 3.20 illustrates the variation of connectivity of fine particles. The vertical axis 

represents the total number of particles with particular connectivity. With the progress of erosion, 
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the number of fine particles with low connectivity (as shown in Figure 3.20, the cut-off point 

between high and low connectivity is roughly around 3 in this study) gradually decreases, while 

at the same time, the number of fine particles with high connectivity is increasing. There are two 

main reasons for the reduction in the number of low-connectivity fine particles. First, the seepage 

fluid directly erodes some of the weakly connected fine particles, resulting in a decrease in the 

total number of these particles. Second, due to internal structural adjustments, some weakly 

connected fine particles establish new contact connections with surrounding particles, 

transforming into high-connectivity fine particles in order to resist the erosion. On a macroscopic 

level, the mass loss rate on the curve in Figure 3.8 slows down, which can be explained by the 

change in the connectivity of particles at the microscopic level. In the initial stage, the fluid 

erodes fine particles with low connectivity. These particles have weak connections with 

surrounding particles and are easily eroded, so they are quickly lost. However, as these particles 

are completely eroded, the subsequent loss primarily involves high-connectivity particles. Since 

these particles are tightly connected with their surroundings and are more resistant to erosion, 

the mass loss slows down. 

 

Unlike particle connectivity, the particle coordination number Z represents the average number 

of contacts for all particles, and can be calculated using the following formula: 

2C
Z

N
=  

(3.6) 

where C  is the total contact number and N  is the total particle number in the soil matrix. For 

gap-graded soils, coarse particle loss is not involved, therefore, the change in coordination 
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number is primarily caused by the erosion of fine particles. When analyzing the change in 

coordination number, it is necessary to distinguish between the two types of soil particles. For 

this purpose, the contact types are divided into three categories: the contacts between two coarse 

particles (
c cZ −

), the contacts between two fine particles (
f fZ −

), and the contacts between coarse 

particles and fine particles (
c fZ −

). Figure 3.21 shows that 
c cZ −

 is almost constant during erosion 

regardless of the stress state, indicating that the contact between the coarse particles is more 

stable. In contrast, 
f fZ −

 keeps increasing, which is consistent with the pattern reflected by the 

connectivity mentioned above (Figure 3.20). Among the three contact types, 
c fZ −

 has the largest 

value because, in the gap-graded soils, the size ratio between coarse and fine particles is 

significant, and the coarse particles are surrounded by multiple fine particles, resulting in the 

highest number of coarse-fine contact types. 

 

It is worth noting that once the permeating fluid is introduced, 
c fZ −

  exhibits a significant 

response, with a marked sudden drop. Under the impact of the applied fluid water, weakly 

connected fine particles rapidly detach from the coarse particles (the inset in Figure 3.21 shows 

the process of fine particles detaching from coarse particles), and the intensity of the fluid's 

impact on the particles differs under different stress states. For example, for the isotropic (T1-

D0-CP50) and triaxial extension stress state (T4-D3-CP50-1) samples, 
c fZ −

 decreases by 0.492 

and 0.523, respectively, while for the triaxial compressive sample (T2-D1-CP50-1), 
c fZ −

only 

decreases by 0.408. This phenomena indicate that coarse-fine contacts significantly respond to 

the effect of the water flow, and the 
c fZ −

 change in samples T1-D0-CP50 and T4-D3-CP50-1 is 
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more pronounced than in sample T2-D1-CP50-1, suggesting that more fine particles in the 

former two samples detach from the coarse particles, and these fine particles are more sensitive 

to erosion. It is precisely due to this variation process that the initial critical hydraulic gradient 

under triaxial compression stress state is larger than under triaxial extension and isotropic 

compression stress state. 

3.4.4 Erosion path and strong force chain network 

The migration trajectory records the path formed by particles as they pass through the pores of 

the soil during suffusion. By recording the particle positions inside the soil at equal time intervals 

and plotting them as points in the spatial coordinates, a line diagram can be formed by connecting 

the coordinates at different time points. Figure 3.22 shows the migration trajectories of fine 

particles under different stress states. The three longest migration trajectories in each stress state 

are selected for plotting to avoid the influence of randomness on the results. In the figure, the red 

dots represent the position of the particles at a certain moment. Since the sampling intervals are 

consistent, the longer the line between two points, the smoother the particle migration at that 

location. Conversely, the denser the red dots, the slower the particle velocity, indicating greater 

clogging, making it more difficult for particles to pass through. Furthermore, Figure 3.23 shows 

the strong force chain network inside the sample. In this study, 1.2 nf  is used as the cut-off 

point for strong and weak force chains, where nf  is the average value of the contact force 

chain. Since strong force chains are primarily responsible for stress transmission and are 

relatively stable, they offer better resistance to seepage erosion. They can effectively inhibit 

particle loss and migration, and from a stress perspective, can explain the migration paths formed 
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by the lost fine particles.  

 

As shown in Figure 3.22(a), for sample T1-D0-CP50, there is no obvious clogging in either the 

horizontal or vertical migration trajectories. At the same time, the distribution of the strong force 

chain network (Figure 3.23(a)) reveals a relatively uniform pattern, with no clear aggregation or 

dominant direction of force transmission. However, for the triaxial compression sample T2-D1-

CP50-1, Figure 3.22(b) clearly shows clogging in the vertical direction of particle migration, and 

the upward migration paths are not smooth. This is because, as shown in the strong force chain 

network in Figure 3.23(b), under triaxial compression, a large number of strong force chains are 

formed in the vertical direction within the sample. As a result, particles face greater resistance 

when moving upward, slowing their velocity; in other words, a larger hydraulic gradient is 

required to drive their migration. In contrast, for the triaxial extension sample, horizontal 

clogging is observed in Figure 3.22(c), but the upward migration trajectories remain relatively 

smooth. This is because, according to the force chain distribution in Figure 3.23(c), the strong 

force chains form a principal force transmission direction in the horizontal plane, which restricts 

particle movement in that direction. From the above observations, it is clear that if the strong 

force chain network does not form a principal force transmission direction aligned with the flow 

direction, particle migration trajectories tend to be smoother and face less obstruction. As a result, 

erosion can occur at a lower critical hydraulic gradient. This explains why the initial critical 

hydraulic gradient under triaxial compression is greater than that under isotropic compression or 

triaxial extension. 
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3.5 Summary 

This chapter conducted a coupled CFD-DEM simulation with the aim of investigating the 

influence of initial stress anisotropy on suffusion of gap-graded sandy soil. Three stress states 

(i.e., isotropic, triaxial compression, and triaxial extension) were considered. A continuous 

variable water head was introduced to study the critical hydraulic gradient for samples under 

different stress conditions. The observed macroscopic phenomenon of mass loss, void ratio 

variation, and the difference between critical gradients is interpreted from a microscopic 

perspective, including connectivity, contact fabric, local force chains, and erosion path. 

According to the analysis, the following conclusions can be drawn: 

(a) Under isotropic compression and triaxial extension stress states, the difference in void ratio 

between different layers decreases after suffusion compared to before suffusion. In contrast, 

under triaxial compression stress, the difference in void ratio between different layers increases. 

 

(b) Compared to the initial isotropic stress state, the sample with initial stress anisotropy 

experiences a significant increase in final mass loss. As particle loss progresses, the degree of 

initial stress anisotropy gradually decreases and tends toward isotropy. This microscopic 

mechanism can be attributed to the formation of an internally stable, spatially isotropic force 

structure. 

 

(c) The turning point of the mass loss curve, along with the turning point of the average particle 

surface velocity, can serve as characteristic states for defining the initial critical hydraulic 
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gradient. When comparing the erosion behavior under the three stress states, the critical hydraulic 

gradient under the triaxial extension stress state is closer to that under the isotropic stress state, 

but lower than that under the triaxial compression stress state. This microscopic mechanism can 

be attributed to the fact that under triaxial compression stress, the strong force chain network 

tends to align with the main direction of seepage, thereby increasing the resistance to erosion. At 

the same time, after the seepage flow is applied, the response of the coordination number is 

greater under triaxial extension and isotropic compression stress states than under triaxial 

compression, leading to more fine particles detaching from coarse particles. As a result, the 

critical hydraulic gradient required for triaxial extension and isotropic compressive states is 

smaller than that for triaxial compression 
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Table 3.1 Summary of the simulated stress conditions 

Test σ𝑟(kPa) σ𝑎(kPa) 
Consolidation ratio 

(𝜎𝑎/𝜎𝑟) 

Stress ratio 

(𝜂) 

Flow 

direction 

T1-D0-CP50 50 50 1 0 Up 

T2-D1-CP50-1 50 75 1.5 0.43 Up 

T3-D1-CP50-2 50 90 1.8 0.63 Up 

T4-D3-CP50-1 50 37.5 0.75 -0.27 Up 

T5-D3-CP50-2 50 28.7 0.57 -0.50 Up 

T6-D0-CP100 100 100 1 0 Up 

T7-D1-CP100-1 100 150 1.5 0.43 Up 

T8-D1-CP100-2 100 180 1.8 0.63 Up 

T9-D3-CP100-1 100 75 0.75 -0.27 Up 

T10-D3-CP100-2 100 57.3 0.57 -0.50 Up 

T11-D0-CP150 150 150 1 0 Up 

T12-D1-CP150-1 150 225 1.5 0.43 Up 

T13-D1-CP150-2 150 270 1.8 0.63 Up 

T14-D3-CP150-1 150 112.5 0.75 -0.27 Up 

T15-D3-CP150-2 150 86 0.57 -0.5 Up 
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Table 3.2 Input parameters used in the simulation 

 Parameter Unit Value 

DEM domain    

 Young's modulus N/m2 1×108 

 Poisson's ratio - 0.3 

 Particle density kg/m3 2650 

 Friction coefficient - 0.5 

 Restitution coefficient - 0.3 

 

Particle diameter 

1.6~2.0 1.6~2.0 

 mm 0.03~0.33 

 Timestep s 2×10-7 

CFD domain    

 Density kg/m3 998 

 Dynamic viscosity Pa·s 1×10-3 

 Timestep s 2×10-5 

Wall boundary    

 Young's modulus N/m2 1×1010 

 Friction coefficient - 0 
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Figure 3.1 Schematic of seepage flow along with different principal stresses in a dam 

 

Figure 3.2 Particle size distribution curves for the tested soil 

 

Figure 3.3 Assessment of unstable soils for samples used in this study by the Burenkova method 
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Figure 3.4 Stress states adopted in simulations. 

 

Figure 3.5 The imposed hydraulic gradient in CFD-DEM simulations 
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Figure 3.6 CFD-DEM simulation model 

  
（a） (b) 

Figure 3.7 Schematic diagram of fines loss: (a) before suffusion; (b) after suffusion 
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Figure 3.8 Evolution of fines loss versus time 

 

Figure 3.9 Ultimate fines loss under different stress ratios 
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Figure 3.10 Different layers of the specimen 

  
(a)  (b)  

 
(c)  

Figure 3.11 Distribution of the void ratio: (a) 50kPar = ; (b) 100kPar = ; (c) 150kPar =  
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Figure 3.12 Determination of the critical hydraulic gradient 

 

Figure 3.13 Relationships between the initial hydraulic gradient and the shear stress ratio 

 

Figure 3.14 Relationships between the initial hydraulic gradient and the initial void ratio 
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Figure 3.15 The evolution of total drag force and contact force at z-direction 

 

Figure 3.16 Characterization of Particle Contact Orientation in 3D Space 
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(a)  

 
(d) 0.029n =  

 
(b) 0.094c =  

 
(e) 0.278n =  

 
(c) 0.067c =  

 
(f) 0.174n =  

Figure 3.17 Contact fabric information for specimens under (1st row of T1-D0-CP50; 2nd row of T2-D1-

CP50-1; 3rd row of T4-D3-CP50-1;1st column for contact number; 2nd column for normal contact force ): 

(a) 0.071c = ; (b) 0.094c = ; (c) 0.067c = ; (d) 0.029n = ; (e) 0.278n = ; (f) 0.174n =  
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(a)  

 
 (b) 

Figure 3.18 Evolution of parameters defining the magnitude and principal direction of anisotropy during 

suffusion: (a) n ; (b) n  

 
(a)  

 
(b) 

 
(c) 

 
 (d) 

Figure 3.19 Evolution of force chains: (a) overall force chain distribution(t=0s); (b) local force chains (t=0s); (c) local 

force chains (t=6s); (d) local force chains (t=12s) 



 

CHAPTER 3 SUFFUSION MECHANISM UNDER ANISOTROPIC STRESS CONDITIONS 

77 
 

 

Figure 3.20 Evolution of particle connectivity 

  
(a) (b) 

 
(c) 

Figure 3.21 Evolution of coordination number with elapsed time: (a)T1-D0-CP50; (b) T4-D3-CP50-1;(c) 

T2-D1-CP50-1 
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(a)  

   
(b)  

   
(c) 

Figure 3.22 Erosion path of fine particles: (a) T1-D0-CP50; (b) T2-D1-CP50-1; (c) T4-D3-CP50-1 
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(a) (b) (c) 

Figure 3.23 Distribution of strong contact force: (a) T1-D0-CP50; (b) T2-D1-CP50-1; (c) T4-D3-CP50-1 
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CHAPTER 4 INVESTIGATION ON INFLUENCE OF PARTICLE 

FABRIC ANISOTROPY ON SUFFUSION 

4.1 Introduction 

Due to the influence of deposition, natural sand typically exhibits significant fabric anisotropy 

characteristics. Microscopically, this feature manifests as the oriented arrangement of particles, 

while macroscopically, it is reflected in the presence of multiple sedimentary layers or different 

bedding planes in the soil. Existing studies have shown that the fabric anisotropy of sand is 

closely related to the shear strength, dilatancy, and critical state of the soil (Anandarajah and 

Kuganenthira, 1995; Yang et al., 2008; Pegah et al., 2024). Ahmed's research (2013) shows that 

soil permeability is also affected by fabric, specifically, greater fabric anisotropy leads to higher 

permeability. Therefore, when suffusion occurs in sand with initial fabric anisotropy, the fabric 

anisotropy not only affects the soil's strength and resistance to erosion and but also alters the 

seepage characteristics of the fluid. Liang et al. (2017a) further suggested that the fabric 

anisotropy of the soil may accelerate the development of dominant seepage channels, thus 

increasing the likelihood of erosion damage to the soil. Although fabric anisotropy is widespread 

in sand, its impact on suffusion and particle migration has not been fully studied. To address this, 

this chapter will use CFD-DEM method to explore the effect of initial particle fabric anisotropy 

on the suffusion process. 
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4.2 Suffusion simulation scheme for fabric anisotropic soil 

4.2.1 Model setup 

The primary objective of this chapter is to investigate the influence of particle fabric anisotropy 

on erosion. Since fabric anisotropy arises from the regular arrangement of particles, the 

simplified spherical particles typically used in DEM simulations cannot accurately replicate the 

fabric anisotropy of natural sand (Liang et al., 2021). To address this, non-spherical particles—

specifically, elongated polyhedral particles (Figure 4.1)—are employed. Initial samples with 

controlled fabric structures are generated by prescribing the orientation of these non-spherical 

particles. Two aspect ratios (AR) are selected to produce samples with varying bedding directions: 

AR = 1.5 and AR = 2.0. The aspect ratio is defined as the ratio of the particle’s long-axis length 

to its short-axis length in the x-z plane. Additionally, the particle bedding direction is defined as 

the angle between the particle's major axis and the horizontal direction (Figure 4.2). This study 

retains the same gap-graded soil as in Chapter 3, with the particle size distribution shown in 

Figure 3.2. 

 

In order to generate the anisotropic sample, particles with initial orientation are firstly dispersed 

in a cube enclosed by rigid walls, then the top and bottom walls are driven to pre-compress the 

soil to a medium-dense state under a low-stress level (10kPa). During this process, the rotation 

of particles is locked (as shown in Figure 4.3(a)) and the gravity is disabled to ensure the soil’s 

fabric structure. The stress is then gradually increased to a pressure of 100kPa, while the 

limitation of rotation is also removed to permit the particles to adapt to a dense state, consistent 
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with natural soil conditions (as shown in Figure 4.3(b)). There are 10 groups of specimens in 

total, considering 5 different anisotropy degrees and 2 different aspect ratios. Table 4.1 lists the 

description of all cases. Considering that the soil on site is usually in a K0 stress state, the 

surrounding walls, therefore, remain stationary in the simulation. Subsequently, the gravity is 

switched on and ensures that the specimen reaches gravitational equilibrium before suffusion. 

Note that the fines are filled in the voids of the soil matrix, meaning that it is hard for them to 

remain an obvious anisotropy after applying the external loading and gravity, especially 

compared to the coarse matrix. While it’s also worth noting that it is the coarse fraction that plays 

a significant role in impeding particle migration, indicating that it’s more meaningful to focus on 

the anisotropy degree of coarse particles. Figure 4.4 exhibits 3D rose figure of orientation for 

coarse particles, from which it can be seen that the fabric anisotropy of the soil matrix is 

consistent well with the predefined bedding angle after reaching the equilibrium state. 

 

The setup of the fluid domain is similar to that in Chapter 3. The CFD domain has the same 

length and width as the DEM domain but has an extra height of 20mm so that the particle 

assembly can be completely covered by the fluid. Then the CFD area is discretized into cells 

with a size of 2mm×2mm×2mm. The pressure-inlet and pressure-outlet conditions are specified 

for the bottom and top boundary, respectively, then a laminar flow is triggered due to the pressure 

difference. A constant hydraulic gradient of 8m/m is adopted to induce adequate particle loss for 

soils under constant axial stress of 100kPa within a limited simulation time. As shown in Figure 

4.5, under the action of the seepage flow, fine particles continuously migrate out through the 

https://www.collinsdictionary.com/zh/dictionary/english-thesaurus/exhibit
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upper filter. The filter mesh size is 1.2mm×1.2mm, which ensures that fine particles can pass 

through freely, while coarse particles cannot. As for the parameters used in the numerical model, 

all parameters remain consistent with those set in Chapter 3 (see Table 3.2), except for the rolling 

resistance. Since the effect of particle shape is already accounted for by the aspect ratio of the 

particles, the rolling resistance cr is set to zero in this chapter. 

4.3 Numerical results and discussion 

4.3.1 Cumulative eroded mass loss 

The evolution of fine particle loss versus elapsed time is illustrated in Figure 4.6. As is to be 

expected, the slope of the curve is high at the beginning and the difference between soil samples 

with different particle shapes and bedding angles is negligible during this phase. Subsequently, 

the slope of the curve gradually decreases and levels off. However, compared to cases with an 

aspect ratio of 2.0, the specimen with an aspect ratio of 1.5 still has a larger rate of fines loss at 

the end of suffusion, which means that it probably needs more simulation time to reach the final 

steady state. It can be found that the mass loss of the specimens increases with increasing bedding 

angle for a particular aspect ratio. For example, the mass loss for the sample with bedding 

angle=0° and AR=1.5 is only 20.36%, whereas, for a bedding angle of 90°, the mass loss 

increases to 35.36%, suggesting that the fabric arrangement of the coarse particles can play a 

role in hindering the migration of the internal fine particles. The ultimate mass loss for all 

specimens is calculated in Figure 4.7, from which it can be seen that the effect of bedding angle 

on specimen mass loss decreases as the aspect ratio increases from 1.5 to 2.0. The difference 

between the maximum and minimum mass loss is 15% at AR=1.5, while at AR=2.0 this 
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difference is reduced to approximately 7.7%. In addition, the final mass loss of the specimens 

with AR=2.0 is overall less than that of the specimens with AR=1.5 (except at a bedding angle 

of 0). Therefore, the increase in the particle aspect ratio can also help to restrict soil particle loss 

(Qian et al., 2021b; Xiong et al., 2024). 

4.3.2 Fine particles distribution 

Figure 4.8 shows the variation of particle distribution at different levels. Firstly, a specific plane 

is chosen from the initial samples and scaled up to study the transportation of particles. It can be 

seen from Figure 4.8(b) that in the early stages of seepage erosion, the velocity of particles is 

relatively high, while as the suffusion develops, there is a significant decrease in velocity in the 

range of 4s~10s. This is because, when a hydraulic pressure differential is applied and suffusion 

is triggered, the erodible fine particles with low connectivity, respond immediately by migrating 

with the permeable water flow. As a result, the fine particles in the upper part move at a high 

velocity. As the number of particles with a low connectivity decreases, the remaining are more 

resistant to erosion and therefore, the rate of particle migration gradually decreases. Furthermore, 

the results also indicate that the loss of particles is extremely inhomogeneous, for example, in 

the region annotated in Figure 4.8(b), significant loss of fine particles occurs and vast pores are 

formed between coarse particles due to a lack of filling. More specifically, Figure 4.8(c) plots 

the local particle distribution, from which it is clear that at individual location points the fine 

particles are completely eroded and the soil skeleton, consisting of coarse particles, is exposed. 

Nevertheless, it is also noteworthy that at some location points, such as those at the bottom of 

the specimen, there appears to be no significant change in the fine content. In Figure 4.9, the 



 

CHAPTER 4 INVESTIGATION ON INFLUENCE OF PARTICLE FABRIC ANISOTROPY ON SUFFUSION 

85 
 

contours of fine content are plotted, from which it can be seen that the initial fine particle 

distribution of the specimens with different bedding angles is relatively uniform before suffusion, 

while after suffusion, the fine content varies considerably. Firstly, there is a sharp reduction in 

the area near the outlet boundary, from an initial level of around 25% to less than 10%. On the 

contrary, near the bottom boundary, there is instead a massive growth in the fines content, up to 

50% at some locations. It can therefore be seen that although, on the whole, the specimen suffers 

particle loss, the migration of fine particles within the soil can be very disordered due to the 

presence of the particle skeleton, i.e., over-loss as well as over-filling (clogging) can occur 

simultaneously. A similar observation has also been reported by other studies (Ke and Takahashi, 

2014a; Rochim et al., 2015; Liang et al., 2019; Hu et al., 2020a; Liu et al., 2020). 

 

Figure 4.10 presents fine particle distribution along the Z direction pre- and post-suffusion. 

Taking specimens with AR=1.5 as an example, it can be seen that the number of fine particles 

( fN ) before suffusion is homogeneously distributed at different depths, with no obvious 

aggregation, except at the top and bottom boundaries, where there are slightly more fine particles 

due to particle-wall contact. After suffusion, the distribution of fine grains shows a distinct 

'triangle-like' characteristic (Xiong et al., 2020; Zhang et al., 2020), i.e., the closer to the top 

seepage outlet boundary, the fewer particles. It is noteworthy that when the deposition direction 

has a large angle with the infiltration flow (e.g., specimens with bedding angles of 0° and 30°), 

the change in fine particle number at the bottom before and after suffusion is not as pronounced 

as for specimens with smaller bedding angles, indicating that when the long axis of coarse 
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particles is aligned horizontally, it can have a stronger obstructive effect on fines, limiting their 

movement and thus reducing particle loss. 

4.3.3 Soil deformation 

During suffusion, the soil maintains the 0K  stress state, and a fixed pressure of 100kPa is applied 

to the upper and lower plates to simulate the overlying soil weight. Therefore, when there is 

particle loss, the sample will deform axially under the pressure. As illustrated in Figure 4.11, the 

axial strain for specimens with different aspect ratios increases with increasing bedding angle. 

Compared to the aspect ratio, the bedding angle has a more profound effect on suffusion since 

the axial deformation of the isotropic specimen is 0.94% at an aspect ratio of 1.5 and 1.27% at 

2.0. Whereas, when the fabric angle changes from 0° to 90°, the axial deformation increases 

from 0.4% to 1.28% and 0.67% to 1.4% for AR=1.5 and AR=2.0, respectively. In addition, 

specimens with AR=1.5 exhibit smoother axial strain evolution compared to those with AR=2.0, 

which show a more staged progression. As can be seen in Figure 4.11(b), the specimens’ 

deformation rate is high for the first two seconds, then drops rapidly and rises again in the final 

period. This is because the loss of fines will destabilize the original load-bearing skeleton, then 

the coarse particles have to adjust the contact direction to form a new force structure, and if the 

particles have a relatively high aspect ratio, the particle misalignment will release more strain 

energy (Liu et al., 2020), resulting in a substantial deformation. 

4.3.4 Void ratio variation 

In the case of mixtures of coarse and fine particles, the former may form a solid skeleton that 

bears the main external load, while the bulk of the fine particles may be confined to the matrix 
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between the coarse, acting merely as fillers (Skempton and Brogan, 1994; Taha et al., 2019). 

Therefore, a global void ratio e may not be sufficient to characterize the evolution of different 

compositions (Thevanayagam and Mohan, 2000). According to Taha et al.(Taha et al., 2019), 

the intergranular void ratio ec, defined by assuming all the fine particles acted as the inter-coarse 

voids, and the inter-fine void ratio ef , defined by assuming the coarse particles are of zero volume, 

are introduced in this study to investigate the density of the coarse-grained matrix and fine-

grained matrix, respectively. The above parameters can be written as: 
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where VV is volume of actual voids; c

sV  or f

sV  is volume of coarse or fine particles. 

Figure 4.12 shows the variation of e, ec, ef versus simulation time for specimens with AR=1.5. 

It’s found that both void ratio e and inter-fine void ratio ef are gradually rising due to particle 

loss. While void ratio e remains relatively consistent across samples with different bedding 

angles, inter-fine void ratio ef shows significant variation, indicating the inter-fine void ratio can 

be a more accurate description of the loss of the fines for gap-graded soils. In addition, it can be 

seen that inter-coarse void ratio ec keeps decreasing during suffusion, which indicates that while 

the fine-grained matrix is getting looser, the coarse-grained matrix is getting denser. This is 

mainly attributed to the fact that the loss of fines leads to the coarse particles taking on more 

force transmission and therefore the coarse-grained skeleton shrinks, increasing the contact 

forces.  
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4.3.5 Variation of hydraulic conductivity 

For non-cohesive soils, suffusion may render a loose soil structure with increased porosity and 

hydraulic conductivity due to the large amounts of loss in fines. In turn, the increased hydraulic 

conductivity can further exacerbate soil erosion. Figure 4.13 shows the evolution of the overall 

hydraulic conductivity for samples at different bedding angles. The hydraulic conductivity k

considered in this study is calculated as follows:  

w

c

q
k

A i
=  (4.4) 

where wq   is the volume flow rate; cA  is the area of the sample cross-section, and i   is the 

hydraulic gradient.  

As can be seen from the results, there is a clear step change in the hydraulic conductivity for 

different specimens. This is because, particle blockages can form at local locations within the 

specimen, and as the particles continue to be lost, more and more flow channels will be formed, 

leading to the local blockages being flushed out and resulting in a sudden increase in permeability. 

Furthermore, the evolution in conductivity of specimens with different bedding angles varies 

considerably. For example, when the bedding angle is 0°, the permeability shows limited change 

in the early stage of seepage and then increases significantly in the later stage. When the bedding 

angle is 90°, the permeability experiences a rapid increase at the beginning of erosion but remains 

relatively stable in the subsequent process. When the bedding angles are 30° and 60°, the 

permeability progressively increases throughout the process. Based on these different variations, 

three typical modes of particle transport at the microscopic level can be identified (as shown in 

Figure 4.14, note that these illustrated particle clumps are selected from the same position of 
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samples): (Ⅰ) When the coarse particles are arranged perpendicular to the direction of the seepage 

flow, fluid is hindered, and the fine particles around the coarse matrix basically do not migrate 

throughout the suffusion, corresponding to a stable conductivity. Figure 4.15 illustrates the 

trajectory of fine particles, from which it can also be seen that the paths of the fine particles in 

this mode are more dispersed and no major dominant seepage channels are formed within the 

specimen; (Ⅱ) When the coarse particles are aligned in the 30° and 60° directions, a preferential 

flow channel is formed along the long axis of the coarse particles (as shown in Figure 4.15(b)), 

and fine particles gradually flow away from the pore space following the coarse particle contours. 

The migration of fine particles and hydraulic conductivity of the sample shows a progressive 

variation; (Ⅲ) When the coarse particles are configured in the same direction as flow, the soil 

matrix has a little hindering effect on erosion. Therefore, in the early stages of suffusion, the fine 

particles will transport following a vertical path (Figure 4.15(c)), so that hydraulic conductivity 

experiences significant growth at the very beginning. 

 

4.3.6 Soil mechanical response to suffusion 

The mechanical response of the soil will inevitably be affected by the escaping of fines, as the 

stress-strain relationship is closely related to the fines content for coarse-fine mixture according 

to previous studies (Gong et al., 2019). In this study, a series of drained triaxial tests, both for 

pre- and post-erosion samples, are carried out to explore the effect of bedding angle and suffusion 

on the soil's mechanics. Taking specimens with AR=1.5 as examples, it can be found in Figure 

4.16 that all the samples, both before and after erosion, exhibit a stiff response at the beginning 
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and then reach a peak stress ratio at the axial strain of about 7%, followed by softening until a 

critical state is reached. The corresponding volume strain change also has similarities, that is, 

shear dilatation occurs after shear contraction. Comparing the stress ratios before and after 

erosion, it can be seen that the specimens that have undergone suffusion show a significant 

reduction in peak strength. Furthermore, as listed in Figure 4.17, the strength is not only reduced 

by the fines loss but is also influenced by the particles’ fabric, as the maximum stress ratio 

decreases with the increase of bedding angle both for samples with AR=1.5 and 2.0. These results 

are consistent well with physical experiments (Oda, 1972; Yin et al., 2010). Moreover, the effect 

of fabric on soil strength becomes more pronounced as the particle shape changes. Because as 

the bedding angle has increased from 0° to 90°, the peak stress ratio decreases from 1.91 to 1.82 

for samples with AR=1.5, a reduction of 4.7%, whereas for samples with AR=2.0, the peak ratio 

decreases from 1.97 to 1.78, a reduction of 9.6%. 

4.3.7 Force chain networks 

The redistribution of the force chain within the soil will be triggered because of the fines loss, 

which is an important potential hazard for engineering safety. The microscopic strong force chain 

is analyzed in Figure 4.18. Comparing the results of pre- and post-suffusion, it can be found that 

the loss of fine particles results in a dispersed force structure, especially near the seepage outlet, 

where the number of strong force chains decreases. However, overall, the impact of erosion on 

the force chain network is relatively limited. This is primarily because coarse particles are the 

key components of the force chains. Within the constraints of fixed boundaries and constant 

stresses, the migration of coarse particles is minimal, so that the loss of fine particles does not 
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lead to the collapse of the soil matrix. The damage caused by erosion to the soil is progressive, 

as it transfers some of the load originally carried by the fine particles and increases the contact 

forces between the coarse particles. In contrast, Figure 4.18 also shows the distribution of the 

force chains after triaxial shear, from which it can be seen that the force chain network has been 

totally reconstructed after shear. 

 

To further study the changes in strong force chains in different contact types (coarse particle-

coarse particle contact, coarse particle-fine particle contact, and fine particle-fine particle contact) 

after erosion, Figure 4.19 shows the proportion of different contact types in the strong contact 

force chains. It can be seen that coarse particles are involved in the vast majority of the strong 

chain, but it is worth noting that the f-f contact still contributes about 20% of the strong chain 

before erosion. In addition, the greater the fabric bedding angle, the higher the contribution of f-

f and the lower the contribution of c-f, indicating that the role of fine particles in the soil structure 

is closely related to the arrangement of coarse particles. When the coarse particles are aligned 

along the direction of load application (bedding angle is 90°), it is not conducive to load transfer 

and soil strength (as can also be seen from the analysis of the maximum stress ratio in Figure 

4.17), so the fine particles then need to be involved in more strong chain contacts to maintain 

soil stability. The reduction in the percentage of f-f contact after suffusion is consistent with the 

cumulative mass loss, however, the transfer of forces occurs mainly in the c-f contact rather than 

the c-c contact. Thus, although the loss of fine particles initially has a small impact on the stress 

structure of the soil body, subsequent loss of fines has the potential to lead to the overall 
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destruction of the soil structure (as the remaining fines take on increasing force transfer) and 

therefore erosion problems in engineering need to be intervened in early and dealt with as soon 

as possible. It’s also worth noting that, after the soil has been damaged to a critical state, the f-f 

contact only acts as a filler, contributing almost nothing to the load transfer (as can be seen in 

Figure 4.19c). 

4.3.8 Variations in microscopic anisotropic parameters 

This section uses the microscopic parameters   and   defined in Section 3.4.2 to explore the 

evolution of the soil's microscopic anisotropy, where   represents the degree of anisotropy and 

  represents the principal direction of anisotropy. Figure 4.20(a)-(b) show the fabric anisotropy 

(particle orientation) of the soil skeleton (coarse particles) during suffusion. It’s clear that for 

samples with a specific bedding angle, the is significantly greater than the sample without a 

bedding angle. In addition, the   is also consistent with the predefined angles, indicating that 

the aforementioned generation method produces soil samples with initial anisotropy very well. 

It’s found that the orientation of the coarse particles remains almost unchanged throughout the 

seepage erosion process, despite the continuous loss of fine particles. While during triaxial shear, 

as shown in Figure 4.20(c)-(d),   of samples with initial anisotropy shows a tendency to evolve 

to isotropy. In contrast,   of samples without anisotropy tends to develop to anisotropy. In the 

meantime, the anisotropy principal direction   inclines to be perpendicular to the large principal 

stress. 

4.3.9 Investigation of erosion law from a microscopic point of view 

The erosion law describes the rate of fine particle loss during the erosion process. It can be used 
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to solve the mass balance equation in multi-field theory, thus simulating macroscopic seepage 

problems based on FEM (detailed introduction is provided in Chapter 6 of this thesis). This 

section will explore the impact of fabric anisotropy on the constants of the erosion law based on 

the CFD-DEM simulations. Uzuoka and Borja (2012), based on the results of laboratory 

experiments, proposed a semi-empirical expression for the erosion law: 

( )ˆ (1 )e c c wn f f q  = − − −  (4.5) 

where cf  is the fines content and cf   is the final fines content when there is no more particle 

loss;   represents the porosity; wq  denotes the volume flow rate; e  is a material constant. Eqn. 

(4.5) can be rewritten as: 

( )

ˆ

(1 )
e

c c w

n

f f q


 

−
=

− −
 (4.6) 

Eqn. (4.6) indicates that the erosion law constant e  can be obtained through inverse analysis. 

In CFD-DEM simulations, the fine particle loss rate n̂  can be obtained from the mass loss curve. 

Similarly, cf , cf  ,  and wq  can also be calculated in DEM and CFD, and based on this, the 

results of e  can be obtained. Figure 4.21 shows the e  of samples with different aspect ratios 

at different bedding angles. Since in this study, the cf  at t=10s from the numerical simulation is 

used to replace the cf   in Eqn (4.6), the results in Figure 4.21 only show the range from t=0-9s 

to avoid a zero denominator in the formula at t=10s. It can be observed that the e  calculated by 

CFD-DEM exhibits abnormal fluctuations at t=8-9s, mainly because the simulation cannot be 

run for as long as the laboratory experiments, which makes it impossible to ensure that the 

erosion rate is zero at the end of the erosion, leading to fluctuations in the final stages. However, 

between t=0-8s, the results obtained by CFD-DEM show little fluctuation and can be 

approximated as a constant. More importantly, this constant calculated by CFD-DEM is 
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numerically close to values adopted in other studies (Yang, 2019), indicating that CFD-DEM can 

effectively reflect the changes in fine particle erosion rates. This lays the foundation for 

proposing a new erosion law based on CFD-DEM in the following sections. By comparing 

samples with different bedding angles, it can be observed that although the particle fabric 

anisotropy can affect the final fine particle loss, soil strain, and so on, the impact of fabric 

anisotropy on the erosion law constant is minimal. The constants calculated for samples with 

different bedding angles are similar. This is mainly because the erosion law represents the mass 

(volume) of fine particles lost from the soil skeleton under the action of seepage water per unit 

time and per unit volume. Although an increase in particle fabric anisotropy reduces the fine 

content cf  and increases porosity  , the volume flow rate also increases due to particle loss. 

Therefore, in Eqn (4.6), ( )(1 ) c cf f − −  decreases, while wq  increases, which ultimately leads 

to little variation in the erosion law constant across samples with different fabric anisotropies. 

This pattern suggests that when establishing a new erosion law in the future, the effect of sample 

fabric anisotropy can be neglected, simplifying the calculations. 

4.4 Summary 

Coupled CFD-DEM investigations into the influence of soil initial fabric anisotropy on suffusion 

were carried out in this chapter. Samples of gap-graded soils with particles of two different aspect 

ratios under five different bedding angles (0°,30°,60°,90°, and isotropic) were generated to 

simulate soil anisotropy and then eroded by an upward seepage flow with a constant hydraulic 

gradient. In addition, drained triaxial tests were conducted on samples before and after erosion 

to explore the stress-strain response to suffusion. Key concluding remarks are made as follows: 
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(a) The mass loss ratio is observed to decrease from 35.4% to 20.4% for AR=1.5, and from 29.6% 

to 23.2% for AR=2.0 as the bedding angle decreases from 90°to 0°. Meanwhile, the soil strain 

also decrease as the bedding angle decreases. The migration of fine particles causes the spatial 

distribution of fine particles in the sample to become more uneven, manifesting as localized over-

erosion and local clogging phenomena. 

 

(b) During the erosion process, the compaction of coarse and fine particles changes differently. 

Fine particles become more loosely packed due to particle loss, while coarse particles become 

more compacted as they bear more external forces. Compared to the average void ratio e , 

distinguishing it into fine particle inter-pore ratio 
fe  and coarse particle inter-pore ratio ce  can 

better reflect the variation patterns between different components of the gap-graded soil. 

 

(c) By comparing the triaxial shear tests of samples before and after erosion, it is found that the 

peak strength of the samples is negatively correlated with the bedding angle, and the erosion of 

fine particles leads to a decrease in the peak strength of the soil. Additionally, during the triaxial 

shear process, comparing particles with different aspect ratios reveals that increasing the aspect 

ratio of particles can significantly improve the shear strength and erosion resistance. For samples 

with initial fabric anisotropy, their degree of anisotropy decreases during the shear process, while 

samples with initial isotropy exhibit gradually increasing anisotropy during this process. 
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(d) CFD-DEM numerical simulations can be used to determine the material constants in the 

erosion law, thus providing a theoretical basis for establishing a new erosion law based on 

microscopic results. The study also found that the effect of fabric anisotropy on the erosion law 

constant is not significant, so when proposing an erosion law, the influence of fabric anisotropy 

can be neglected for simplification.  
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Table 4.1 Summary of numerical simulation samples 

Soil samples 
Aspect ratio 

(AR) 
Bedding angle Initial void ratio 

S-15as-0 

1.5 

0° 0.393 

S-15as-30 30° 0.385 

S-15as-60 60° 0.389 

S-15as-90 90° 0.394 

S-15as-iso Isotropy 0.394 

S-20as-0 

2.0 

0° 0.394 

S-20as-30 30° 0.401 

S-20as-60 60° 0.396 

S-20as-90 90° 0.392 

S-20as-iso Isotropy 0.401 

 

Particle shape x-z Plane y-z Plane 

Aspect ratio=1.5 

  

Aspect ratio =2.0 

     

Figure 4.1 Particle shape adopted in CFD-DEM 

 

Figure 4.2 Definition of bedding angle 
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(a) (b)  

Figure 4.3 Generation of fabric anisotropic soils: (a) generating particles with fixed orientations and 

applying a pressure of 10kPa; (b) unlocking particle rotation and applying a pressure of 100kPa. 

 

 
  

(a)  (b)  (c) 

 
 

(d)  (e) 

Figure 4.4 3D orientation of coarse particles: (a)bedding angle=0°; (b) bedding angle=30°; (c) bedding 

angle=60°; (d) bedding angle=90°; (e) bedding angle=Isotropy 

 

Figure 4.5 The diagram of soil suffusion 
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(a) (b) 

Figure 4.6 Loss of fine particles with elapsed time for samples with different bedding angles and aspect 

ratios: (a) aspect ratio=1.5; (b) aspect ratio=2.0 

 

Figure 4.7 Comparison of ultimate mass loss for samples with different bedding angles 

 

Figure 4.8 Distribution of particles: (a) simulated samples; (b)selected particle plane; (c) microscopic 

particle arrangement 
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(a) 

  
(b)  

  
(c)  

  
(d)  
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(e) 

Figure 4.9 Contours of fine content at different points for samples with AS=1.5 both before and after erosion 

(the specific plane is x=0): (a) bedding angle=0°; (b) bedding angle=30°; (c) bedding angle=60°; (d) 

bedding angle=90°; (e) bedding angle=Isotropy 

 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4.10 Comparison of fine particle distribution along with Z position: (a) bedding angle=0°; (b) 

bedding angle=30°; (c) bedding angle=60°; (d) bedding angle=90°; (e) bedding angle=Isotropy 
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(a) (b) 

Figure 4.11 Axial strain for samples with different bedding angles: (a) AR=1.5; (b) AR=2.0 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4.12 Variation of e, ec, ef for samples with AS=1.5 at different bedding angles: (a) bedding 

angle=0°; (b) bedding angle=30°; (c) bedding angle=60°; (d) bedding angle=90°; (e) bedding 

angle=Isotropy 
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Figure 4.13 Hydraulic conductivity versus simulation time 

 

Case Ⅰ 

(Bedding 

angle=0°) 

 

 

 

 

 

 

 

 

 
 

 

Case Ⅱ 

(Bedding 

angle=30°,60°) 

 

 

 

 
 

 

Case Ⅲ 

(Bedding 

angle=90°) 

 

 

 

 

 
  

 t=0s t=2s t=4s t=8s 

Figure 4.14 Typical fine particle migration of different specimens 

   
(a) (b) (c) 

Figure 4.15 Fine particle trajectory: (a) particle trajectory of Mode Ⅰ; (b) particle trajectory of Mode Ⅱ; (c) 

particle trajectory of Mode Ⅲ 
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(a) (b)  

Figure 4.16 Variation of strength and deformation characteristics expressed by stress ratio (deviatoric stress 

over mean effective stress) versus axial strain and volumetric strain versus axial strain: (a) before suffusion; 

(b) after suffusion 

  
(a) (b) 

Figure 4.17 Peak stress ratio of samples with different bedding angles: (a) AR=1.5; (b) AR=2.0 

Bedding angle Before suffusion After suffusion After triaxial shear 

0° 

  

 

30° 
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60° 

  

 

90° 

  
 

Isotropy 

   

 

Figure 4.18 Strong force chains network 

 
    (a)  

 
    (b)  

 
    (c)  

Figure 4.19 Contributions to strong contact force by different contact types: (a) before suffusion; (b) after 

suffusion; (c) after triaxial shear 
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  (a)   (b) 

  
(c) (d) 

Figure 4.20 Evolution of soil fabric anisotropy: (a)-(b): during suffusion; (c)-(d): during triaxial shear 

  
  (a)    (b) 

Figure 4.21 
e

 from CFD-DEM results: (a) Aspect ratio=1.5; (b) Aspect ratio=2.0 
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CHAPTER 5 STUDY ON TUNNEL SEEPAGE EROSION AND 

MECHANICAL RESPONSE BASED ON CFD-DEM-FEM 

5.1 Introduction 

With the development of underground space, shield tunnels have been widely used in 

underground engineering projects such as subways and urban lifelines (Shin et al., 2006; Liao et 

al., 2009; Cheng et al., 2020). However, due to the complex service environment, tunnel failure 

disasters occur frequently. Research suggests that one of the primary causes of tunnel failure is 

soil erosion caused by groundwater seepage in water-rich sand, which is exacerbated by tunnel 

lining cracks and faults (Davies et al., 2001; Korff et al., 2011; Zhang et al., 2021). According to 

statistics, such issues are prevalent in over 80% of operational tunnels in southwest China that 

have been in service for more than ten years (Gao et al., 2019). Cracks in the tunnel lining can 

lead to the migration of surrounding soil, resulting in the formation of underground cavities and 

subsidence. Furthermore, particle migration can significantly alter soil-structure interactions, 

causing convergent deformation of the tunnel and exacerbating structural damage (Meguid and 

Dang, 2009; Ye and Liu, 2020), which poses substantial risks to both infrastructure integrity and 

public safety (Cividini et al., 2009; Midgley et al., 2013). For instance, on February 7, 2018, a 

tunnel failure on Foshan Metro Line 2 in China, triggered by groundwater leakage, led to the 

formation of a 900m² by 6m sinkhole, resulting in 11 fatalities and 8 injuries (Peng et al., 2023). 

Therefore, it is crucial to investigate the evolution of soil erosion caused by tunnel leakage and 

examine the mechanical response of the tunnel structure to ensure long-term functionality and 

serviceability. 
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Over the past decades, scholars have employed various approaches, including analytical (Park et 

al., 2008; Zhang et al., 2015, 2017; Gan et al., 2021), experimental (Mukunok et al., 2009; Leung 

and Meguid, 2011; Lü et al., 2020; Zhang et al., 2022) and numerical methods (Ye and Liu, 2020, 

2021; Qian et al., 2021a) to assess the impact of seepage-induced tunnel erosion on the 

surrounding environment. The analytical method typically treats the tunnel as a 2D circle on a 

semi-infinite plane, with the soil modeled as an isotropic porous medium. By using conformal 

mapping, the Laplace equation for Darcy’s flow can be solved to derive flow velocity and pore 

pressure distributions (Huangfu et al., 2010). Although analytical methods offer insights into the 

fundamental mechanisms of seepage infiltration and are computationally efficient, their 

oversimplification of tunnel structures and neglect of soil transport limit their practicality in 

engineering applications. In contrast, scaled-down laboratory experiments are more direct and 

can better reflect in-site scene. The tunnel structure can be carefully designed, and the migration 

of soil can be visually observed (Zheng et al., 2017a; Gao et al., 2019). Sato and Kuwano (2015) 

developed a new apparatus that allows soil to discharge from pipe cracks by imposing uniform 

seepage from the ground surface. Notably, the front of the soil chamber was replaced with a 

transparent acrylic plate to facilitate observation. Their study investigated the progressive 

expansion of underground cavities and the mutual effects of structures on seepage accidents. 

However, the limitation of such experiments is that phenomenological observations often fail to 

provide microscopic interpretations, particularly regarding soil transportation and the interaction 

forces between soil particles and seepage flow. As a result, scholars have sought to develop 

advanced numerical methods to conduct in-depth studies, focusing on micro-level information 
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during erosion. Qian et al. (2021a) employed CFD-DEM to investigate the effects of tunnel 

burial depth and grain size distribution on seepage erosion, providing innovative insights into 

the microscopic mechanics of tunnel erosion. Similarly, Ibrahim and Meguid (2023) explored 

the erosion development in tunnels under a constant groundwater table, developing simplified 

relationships for estimating the total mass of eroded soil. While these studies provide valuable 

insights into the evolution of erosion, most focus primarily on soil migration or changes in flow 

behavior, neglecting the tunnel’s mechanical response. As highlighted by Ye and Liu (2021), the 

occurrence of joint cracks and soil loss significantly impacts tunnel stability. The migration of 

particles induces variations in soil stress, altering the forces exerted on the tunnel, which in turn 

can lead to deformation and tensile stress. Therefore, a more systematic investigation is required 

to better understand the erosion mechanisms, evaluate their effects on tunnel structures, and 

assess the safety of erosion-affected tunnels. 

 

This chapter employs a CFD-DEM-FEM coupling approach to develop a mesoscale BVP model 

for tunnel seepage erosion. The study systematically examines the influence of key factors, 

including crack width, crack position, tunnel burial depth, and groundwater level, on the erosion 

process. 

5.2 Calculation framework of CFD-DEM-FEM method 

This study will explore tunnel seepage erosion and the mechanical response of tunnel structures. 

The fluid (seepage water) and solid (soil) are simulated using the aforementioned CFD-DEM 

method. After completing the seepage erosion simulation, the particle-structure interaction forces 
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and fluid pressures are read and used as nodal forces, which are then re-input into the FEM tunnel 

model for analysis. The CFD-DEM-FEM computational framework is shown in Figure 5.1, 

where the CFD-DEM computation still uses the two-way coupling scheme, while the FEM part 

calculates the nodal displacements based on the forces at the nodes of the discretized tunnel 

structure elements (Yao et al., 2021; Adhav et al., 2024), given by: 

{ } [ ]{ }F K d=  (5.1) 

where { }F is the vector of global nodal force, [ ]K is the structure's total stiffness matrix, and 

{ }d is the structure's nodal displacements. The tunnel is discretized using a tetrahedral element 

with 4 nodes, as is shown in Figure 5.2. Therefore, contact between the DEM soil particle and 

the triangle face is mainly point-to-node, point-to-edge, and point-to-face (Zheng et al., 2017b). 

The element node force can be calculated using the contact force and the area coordinates. As is 

shown in Figure 5.2(b), when the spherical soil particle is in contact with the surface, it will exert 

a contact force 
cF  at the contact point. The nodal force for the contact element is given as (Yang 

et al., 2023): 

 ( 1,2,3)iN i= • =i cF F  (5.2) 

where 
iF is the equivalent nodal force. 

iN  is the shape function of the trilateral element, given 

as: 

31 2
1 2 3( , , ) ( , , )

SS S
N N N

S S S
=N =

 
(5.3) 

where 
iS  is the area coordinate of the contact point, and S  is the area of the surface. 
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5.3 Geometric conditions and simulation setup 

5.3.1 Model geometric conditions 

The simulation model comprises three key components: soil, fluid, and tunnel structure. The soil 

used in this study is derived from gap-graded sandy soils of Hong Kong’s completely 

decomposed granite (HK-CDG) mixtures (Chang and Zhang, 2011, 2013a), characterized by a 

bimodal distribution of coarse and fine particles, with a fine content of 35% (Figure 5.3). 

However, directly applying the particle size distribution (PSD) of HK-CDG in DEM simulations 

is computationally infeasible due to the broad range of the PSD (10-⁴ to 10-² m), which would 

necessitate an impractically large number of particles. To improve computational efficiency, a 

simplified, narrower PSD is selected to approximate the key characteristics of the original HK-

CDG soil. Nevertheless, this modification alone is insufficient for simulating boundary value 

problems (e.g., tunnel erosion). A common strategy to reduce computational costs in DEM 

simulations is to scale up particle sizes while preserving the relative proportions of the PSD  

(Jiang and Yin, 2012; Yin et al., 2020b). Consequently, the simulated soil is enlarged by a factor 

of 40, resulting in fine particles of 0.8 cm and coarse particles of 4.8 cm, as shown in Figure 5.3. 

It is essential to highlight that such scaling up would inevitably lead to disparities between 

simulated scenarios and practical settings. Nevertheless, the validation, to be detailed in the 

subsequent section, demonstrates that the primary characteristics derived from the simplified 

numerical model are consistent with engineering expectations. 
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To simulate erosion between tunnel linings, the flawed tunnel is modeled as a ring with a 

circumferential crack, as shown in Figure 5.4. The entire computational domain is configured as 

a cuboid with the following dimensions: a length of 1.8 meters, a depth of 2.5 meters, and a 

width of 0.36 meters, as illustrated in Figure 5.5(a). In accordance with the recommendations of 

Shire et al. (2014), the minimum size ratio between the particles and the model domain must 

exceed 6.5 to satisfy the boundary conditions. As such, the model width is set to be 7.5 times the 

largest particle size and 18 times the average particle size. The total number of particles is 

approximately 2,000,000. The tunnel’s external diameter is 0.62 meters, while the internal 

diameter measures 0.59 meters. An aperture with a 30° opening angle is introduced within the 

designated tunnel segment to simulate a tunnel crack. The crack's width in the longitudinal 

direction varies across different samples to examine the impact of crack size on tunnel erosion. 

 

This study conducts a comprehensive analysis of tunnel seepage erosion, focusing on four key 

influencing factors: tunnel depth, crack size, crack position, and water table depth. A total of 13 

test groups are considered, encompassing five different crack angles c  (0°, 45°, 90°, 135°, and 

180°), three differnet burial depths (1.0 Td ,1.5 Td , and 2.0 Td , where Td denotes the outer 

diameter of tunnel), five different crack widths (1.1 maxd , 1.2 maxd , 1.3 maxd , 1.4 maxd , and 1.5 maxd , 

where maxd denotes the maximum particle diameter), and three different water levels (0.5 db ,1.0

db , and 1.5 db , where db is tunnel burial depth). The crack angle c  is defined as the angle 

between the crack's midpoint and the tunnel's axis, as illustrated in Figure 5.5(b). A summary of 

the simulated samples is provided in Table 5.1. It should be noted that the minimum crack size 
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in this chapter is set to 1.1 times the maximum particle diameter, so coarse particles will also be 

eroded during the seepage process. This is because, according to the studies in Chapters 3 and 4, 

fine particles in gap-graded soils generally serve as a filling function, and considering only the 

loss of fine particles has a relatively small effect on the forces applied to the tunnel structure. 

Therefore, this section investigates the most unfavorable conditions for tunnel seepage erosion, 

where both coarse and fine particles are allowed to be lost simultaneously. 

 

The fluid domain shares the same width and length dimensions as the soil domain, while the 

fluid depth varies in cases No. 7, No. 12, and No. 13 to simulate different water levels. To capture 

the flow behavior near the tunnel, the fluid mesh is locally refined, while a coarser orthogonal 

hexahedral mesh is employed in regions farther from the tunnel, as depicted in Figure 5.6(a). 

Considering practical engineering conditions, the seepage region is sufficiently large such that 

the seepage point does not influence surface water pressure. As a result, the top and bottom 

boundaries of the fluid domain are prescribed as constant-pressure boundaries, while the side 

boundaries are treated as impermeable walls. At the fluid-tunnel interface, a pressure outlet 

boundary is imposed at the crack location to simulate the seepage point, while the remaining 

interface is modeled as a no-slip wall. Driven by the differential pressure of infiltrating water, 

groundwater flows through the pressure outlet, as shown in Figure 5.6(b). 

 

In this study, DEM employs spherical particles to represent sandy soil, ensuring computational 

efficiency. To account for discrepancies in contact forces due to the simplified particle 
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morphology, a rotational resistance model is implemented (Ai et al., 2011), incorporating a 

rolling resistance coefficient in the calculation of interparticle forces and momentum. The bulk 

density of HK-CDG soil is determined to be 2610 kg/m³, based on the calibration by Chang and 

Zhang (2011). However, other key micro-scale parameters, such as interparticle friction, 

Young’s modulus, and restitution coefficient, have not been explicitly calibrated for HK-CDG. 

Consequently, these parameters are derived from similar sandy gap-graded materials reported in 

the literature (Qian et al., 2021a; Xiong et al., 2022; Chen et al., 2023a). The fluid is modeled as 

pure water, with a density of 1000kg/m³ and a dynamic viscosity of 0.001Pa·s. The tunnel 

structure is assigned a density of 2500kg/m³, with a Young’s modulus of 81.92 10 Pa and a 

Poisson’s ratio of 0.192. A comprehensive summary of material properties and simulation 

parameters is provided in Table 5.2. 

5.3.2 Simulation program 

The seepage erosion simulation is composed of four primary steps: generation of initial soil 

specimens, saturated consolidation, tunnel excavation, and tunnel erosion. 

 

In the first step, the initial loose soil layer is generated using the sand-fall method. To avoid 

initial pore inhomogeneity, which may arise from the migration of fine particles from the upper 

to lower layers under self-gravity, particle gravity is disabled during this stage. The resulting 

initial sample measures approximately 3m×1.8m×0.36m, which exceeds the target size in the 

depth direction for the erosion phase. Following this, gravity is applied to the soil, and CFD is 

employed to simulate hydrostatic pressure. This initiates the saturated consolidation process, 
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which lasts approximately 10 seconds until the soil reaches a steady state. Figure 5.7 presents 

the void ratio distribution after consolidation, demonstrating a relatively uniform profile along 

the depth direction. Upon completing the saturated consolidation phase, a thin-walled tube, 

matching the outer diameter of the tunnel, is placed at the designated tunnel location. A circular 

plate is then deployed along the tunnel perimeter and moved at a constant rate to excavate and 

remove the soil within the tunnel, as illustrated in Figure 5.8. During excavation, the tube adjusts 

vertically under the combined effects of gravity and soil pressure to counterbalance residual 

forces. After soil removal, the model undergoes an additional consolidation phase and 

rebalancing to achieve a steady state. 

 

To validate the accuracy of the sampling method, Figure 5.9 presents a comparison between the 

theoretical vertical effective stress of the soil and the simulation results. The theoretical value of 

the effective stress is calculated using the following equation: 

( 1)
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−
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+  
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where 2.61
s

d =  represents the particle density based on experimental data. 0.28e=  denotes the 

average void ratio of the soil, and h is the depth of the soil. 

 

The comparison presented in Figure 5.9(a) and (b) demonstrates that the effective stresses in the 

soil obtained from the simulation closely align with the theoretical values. Additionally, Figure 

5.9(c) shows the effective stress distribution after tunnel excavation, where a small degree of 

stress concentration is observed around the tunnel due to the excavation effect. To further assess 

the reliability of the sample generation method, the soil pressure exerted on the tunnel is 
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compared with analytical results. As shown in Figure 5.10, soil and water pressures are 

calculated based on the saturated soil density. In this study, the particle density is set to 2.61g/cm³, 

and the saturated density is computed as 22.3kN/m³. The vertical soil pressure is determined 

based on the tunnel depth, while the horizontal soil pressure is calculated using the lateral 

pressure coefficient (
0 0.5K =  in this work). The distributions of soil pressure around the tunnel, 

obtained from both analytical solutions and simulations, are presented in Figure 5.11. The 

simulation results exhibit less homogeneity compared to the analytical solutions, which can be 

attributed to the fact that DEM treats the soil as a discrete assembly, causing the interaction 

forces between particles and the structure to be non-uniform at the same depth. Moreover, the 

DEM captures the natural structural behavior of the soil, including localized soil arches that can 

withstand additional pressure. This results in discrepancies near the bottom of the tunnel between 

the analytical and simulated results. Despite these differences, the DEM successfully captures 

the pressure increase trend from the top to the bottom of the tunnel, with both the minimum and 

maximum pressures showing a reasonable match to the analytical solution. Therefore, the sample 

generation process can be considered suitable for accurately reflecting the stress conditions 

around tunnel structures. 

 

Upon completion of the sampling process, a cracked tunnel model is introduced in place of the 

circular tube, and a fluid domain, identical to the DEM domain, is incorporated to initiate seepage 

erosion. During the seepage erosion process, variations in soil stress may induce rigid body 

displacement of the tunnel, resulting in misalignment between the DEM and CFD domains. To 
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mitigate this issue and avoid the computational complexity associated with implementing a 

dynamic fluid mesh, the rigid body displacement of the tunnel is restricted. 

5.4 Simulation results and discussions 

5.4.1 The influence of crack size 

5.4.1.1 Seepage-induced soil mass loss 

After the initiation of seepage erosion, soil particles outside the tunnel gradually migrate into the 

tunnel through cracks under the action of infiltration fluent. Figure 5.12 illustrates the eroded 

soil mass for varying crack widths at the end of erosion. It is observed that as the crack width 

increases, the volume of soil particles entering the tunnel also increases. When the crack width 

exceeds max
1.3d , a pronounced V-shaped settlement funnel develops in the soil, accompanied by 

significant displacement of soil surface. At a crack width of 1.5 max
d , severe soil erosion occurs, 

severe soil erosion occurs, with eroded soils completely filling the tunnel cavity.  

 

Figure 5.13 illustrates the cumulative mass loss versus seepage time. It’s found that for a crack 

width of 1.1 max
d , the particle loss remains minimal. For crack widths ranging from 1.2 max

d  to 

1.4 max
d , more pronounced soil loss occurs, with the loss rate increasing rapidly initially, followed 

by a plateau phase where the mass loss curve stabilizes. As shown in Figure 5.12(b)-(d), at the 

end of the erosion for these cases, the tunnel is not fully filled with soil while the mass loss 

ceases. This indicates that particles near the tunnel opening can form an effective aggregation, 

which inhibits the continuous loss of particles into the tunnel. Such aggregation is responsible 

for the stabilization observed in the mass loss curve. In contrast, while the mass loss curve for a 
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crack width of max
1.5d  also exhibits a stable phase, the underlying mechanism differs from that 

of the 1.2 max
d  to 1.4 max

d  cases. As shown in Figure 5.12(e), the stabilization occurs because the 

tunnel becomes completely filled with eroded soil, preventing further loss of external particles. 

At this stage, no effective structure forms around the tunnel crack to inhibit erosion, therefore 

the loss of particles shows a non-convergence of the characteristics. 

 

According to the above observations, the evolution of tunnel erosion can therefore be divided 

into 3 different patterns. As is illustrated in Figure 5.14, when the crack width is less than 1.1

max
d , the tunnel soil remains structurally stable, with negligible mass loss due to erosion. Second, 

for crack widths between 1.2 max
d  and 1.4 max

d , seepage erosion drives incremental mass loss that 

gradually stabilizes, reflecting a convergent pattern of erosion. Finally, when the crack width 

exceeds 1.5 max
d  , soil particles are continuously eroded. The particle structure becomes 

destabilized as external particles fail to effectively mitigate the loss, resulting in a dispersive 

pattern of soil erosion. 

5.4.1.2 Seepage-induced particle displacement 

Figure 5.15 illustrates the particle transport trajectories during the erosion process. As the crack 

width increases, the range of particle migration expands vertically, eventually reaching the 

surface. Concurrently, the lateral extent of particle migration also increases. The particle 

trajectories primarily concentrate above the crack, exhibiting a symmetric, funnel-shaped 

distribution. Figure 5.16 presents the contour plots of particle displacement (note that 

displacement data is not shown for a crack width of 1.1 max
d  due to negligible displacement). As 
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the crack width increases, both the displacement area and the displacement distance expand. For 

instance, at a crack width of 1.2 max
d , the particle displacement area is limited, with displacements 

all less than 0.15m. As the crack width increases to 1.4 max
d  and 1.5 max

d , the soil disturbed area 

expands significantly. In addition, a comparison of the 1.4 max
d  and 1.5 max

d  cases reveals that 

while the overall disturbed area is similar, the region with displacements greater than 0.35m is 

markedly larger for the specimen with a crack width of 1.5 max
d  . These results suggest that 

increasing crack width considerably enhances the likelihood of subsurface cavity formation, 

thereby escalating the potential hazards of the erosion process. 

 

Figure 5.17 shows the surface sedimentation at different time intervals. The sedimentation curve 

is V-shaped, with the maximum sedimentation occurring near X = 0. When the crack width 

reaches 1.5 max
d , the maximum surface settlement can reach approximately 0.15m, indicating 

that seepage erosion can trigger substantial uneven ground settlement. Moreover, the 

development of ground settlement is primarily concentrated in the early stages of erosion (i.e., 

from 0 to 5 seconds), after which the settlement ceases to progress. This observation suggests 

that seepage erosion is characterized by a rapid onset, and once seepage begins, particle loss and 

ground settlement occur quickly. Therefore, it is crucial to implement disaster prevention and 

control measures early in the erosion process to prevent sudden soil loss and mitigate ground 

settlement. 

 

Figure 5.18 illustrates the development of maximum settlement over time for specimens with 
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varying crack widths. It is evident that the maximum settlement exhibits a pronounced nonlinear 

progression. For instance, in the specimen with a width of max
1.3d , the maximum settlement 

increases gradually between t=0-2s, accelerates rapidly from t=2-5s, and then stabilizes between 

t=5-10s. In comparison, the mass loss curves in Figure 5.13 show that the rate of mass loss 

remains relatively constant between t=0-5s, indicating a temporal hysteresis between the 

settlement development and mass loss. Furthermore, the turning point, where the maximum 

displacement transitions from a slow to a rapid increase, occurs progressively earlier with an 

increase in crack width. This behavior can be attributed to the formation of a soil arch effect 

within the specimen, a phenomenon that will be further discussed in the following section.  

5.4.1.3 Variation of soil fine content 

The soil samples used in this study consist of gap-graded sandy soils. Figure 5.19 analyzes the 

changes in fine content due to erosion, with Figure 5.19(a) showing the initial distribution of fine 

content before erosion. Initially, the fine content is relatively uniformly distributed. However, 

following seepage erosion, the fine particles above the tunnel crack are significantly reduced. As 

the width of the cracks increases, the area of the soil that shows a decrease in fine content expands. 

When the tunnel crack is 1.1 max
d , the decrease in fine content is more pronounced than 1.2 max

d , 

although the area of the soil where the fine content changes is smaller. This can be attributed to 

the minimal loss of coarse particles in the 1.1 max
d  case (as is shown in Figure 5.12(a)), where 

soil migration and particle reorganization are limited. The soil loss primarily affects the fine 

particles within the coarse particle skeleton, resulting in a significant reduction in fine particle 

content above the tunnel. For width=1.5 max
d , it can be found that the fine particle content above 
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the crack of the tunnel instead appears to increase. This is because, as shown in Figure 5.12(d), 

the eroded soil particles completely fill the tunnel under this condition, resulting in the 

subsequent soil gathering around the crack. Therefore, the fine particles, after being transported 

with the infiltrating flow, become clogged near the crack, leading to an increase in the fine 

content. 

5.4.1.4 Soil stress variation and microscopic contact information 

To investigate the impact of seepage erosion on soil stresses, the vertical effective stress 

distribution for varying crack widths is shown in Figure 5.20, while the initial effective stress 

distribution is presented in Figure 5.9(c). The results indicate a notable stress reduction in the 

region above the tunnel cracks due to particle loss. Conversely, an increase in effective stress is 

observed in the areas adjacent to the tunnel. This behavior is attributed to the arching effect 

induced by particle migration (Liu et al., 2022b, 2022a). To further elucidate the soil arch effect 

that emerges during the seepage process, the microscopic contact force chains of particles at 

various time intervals are illustrated in Figure 5.21. Using the crack=1.4 max
d  as an example, the 

distribution of the contact force chains prior to seepage erosion (t=0) appears relatively uniform. 

Upon the initiation of seepage erosion (t=1s), particle loss results in the development of a distinct 

stress relaxation zone above the tunnel cracks. By t=2s, continued particle loss leads to the 

formation of a pronounced soil arch, which bears the overlying soil pressure and limits surface 

settlement. The presence of this soil arch contributes to the temporal hysteresis observed between 

settlement and particle loss, as shown in Figure 5.14 and Figure 5.18. As particle loss continues 

to increase, the internal soil arch becomes incapable of maintaining the stability of the soil body, 
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ultimately leading to its collapse. This collapse results in a shift in the dominant direction of 

particle contact forces above the tunnel, as shown in Figure 5.21(d), transitioning from the 

vertical to the transverse direction due to the compression exerted by the overlying collapsed 

soil. The increase in lateral contact forces enhances inter-particle friction, which improves the 

soil's resistance to seepage erosion. Consequently, the soil body achieves a relatively stable state 

once again. Therefore, comparing Figure 5.21Figure 5.21 Soil contact force chain and soil arch 

effect: (a) 0t = ; (b) 1st = ; (c) 2st = ; (d) 5st = ; (e) 10st = (e) and Figure 5.21 Figure 5.21 Soil 

contact force chain and soil arch effect: (a) 0t = ; (b) 1st = ; (c) 2st = ; (d) 5st = ; (e) 10st = (d), it 

can be seen that the structure of the earth body force chain is no longer significantly adjusted. 

 

Figure 5.22 illustrates the microscopic force chain distribution of specimens with varying crack 

widths following seepage erosion. When the crack width is 1.1 max
d , the force chain distribution 

closely resembles the initial state, indicating minimal impact of erosion on the structural integrity 

of the force chains. As the crack width increases to 1.2 max
d , a distinct soil arch effect remains 

evident within the specimen even after seepage erosion. However, for crack widths ranging from 

1.3 max
d -1.5 max

d , the extent of erosion becomes substantial enough to destabilize the internal soil 

arch, leading to its collapse. Figure 5.23 presents the statistical analysis of the particle normal 

contact distribution. The analysis shows that the microscopic contact distribution evolves from 

initial anisotropy to isotropy. Notably, prior to erosion, vertical contacts are significantly greater 

than those in the horizontal direction. However, as soil is lost, the contact distribution changes 

due to the arch effect. The increase in horizontal contact forces indicates that the earth pressure, 
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initially borne by the lost particles, is transferred to the soil body on both sides of the crack. 

5.4.2 The influence of crack position 

5.4.2.1 Seepage-induced soil mass loss 

Figure 5.24 plots the loss of particles at different crack positions, where the position angle a = 

0°, 45°, 90°, 135°, 180° (the definition of position angle a could be found in Figure 5.5(b)). 

After the completion of erosion, particle loss decreases progressively as the crack position angle 

increases. At a =0°, a distinct “V”-shaped sinkhole forms within the soil. In contrast, at a =45°, 

90°, 135°, the sinkholes are offset to the side where cracks appear, showing an asymmetric 

distribution. Notably, the influence of seepage erosion diminishes with increasing distance from 

the tunnel opening, resulting in less pronounced particle loss in regions farther from the crack. 

As the crack position increases to a  =135°, 180°, the soil layer above the tunnel no longer 

exhibits significant subsidence. Figure 5.25 presents the evolution of mass loss versus the erosion 

time for different position angles, it can be observed that the smaller the position angle, the 

greater the soil loss and the longer it takes for the erosion to reach a plateau. At a =0°, erosion 

produces 5% soil loss and the mass loss does not gradually stop until 5st = , while at a =180°, 

erosion produces only 1.5% soil loss and the soil loss gradually stops at 2st = . The reduction in 

final soil loss with increasing crack angle can be attributed to the increasing angle between the 

gravitational force gravityF  acting on the particles and the seepage force seepageF , as shown in Figure 

5.26. A larger position angle increases the gravitational component that opposes the seepage 

force, thereby making soil particles more challenging to be driven and eroded. 

5.4.2.2 Seepage-induced particle displacement 
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Figure 5.27 depicts the particle migration trajectories at different position angles. As the crack 

position angle increases from 0° to 180°, the particle migration route progressively shifts toward 

the crack position. The bigger the position angle, the smaller the migration range induced by 

erosion. In addition, the effect of particle erosion on the surface is significantly reduced with 

increasing position angle. This behavior is attributed to the change in the alignment of seepage 

forces with particle self-gravity. As the position angle increases from 0° to 180°, the seepage 

force shifts from being aligned with the gravitational force to opposing it. At a =180°, the self-

gravity of the particles can counteract the seepage force, making particle migration more difficult. 

The surface settlements at different time intervals are shown in Figure 5.28. It is observed that 

the maximum surface settlement decreases with increasing crack position angle, and the location 

of maximum settlement shifts from the midpoint of the soil to the edge of the model. At a =180°, 

surface settlement is nearly negligible, despite there are still some particles being eroded into the 

tunnel. These findings suggest that the most critical location for tunnel erosion occurs at the top 

of the tunnel, where seepage erosion leads to substantial particle loss and significant surface 

settlement. Figure 5.29 further depicts the evolution of maximum settlement over time. At a

=0°, 45°, and 90°, the settlement rate is initially slow, then increases before reaching a plateau. 

This trend indicates a hysteresis effect, where the development of maximum settlement lags 

behind mass loss in these specimens. In contrast, at a =135° and 180°, no significant hysteresis 

is observed. The previous analysis suggests that the observed hysteresis effect primarily results 

from soil arching within the soil mass. Consequently, when cracks develop at larger angles, 

effective soil arches fail to form within the specimen.  
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5.4.2.3 Soil stress variation and microscopic contact information 

The effective stress distribution of the soil after seepage erosion at various angles is shown in 

Figure 5.30. It can be observed that a stress relaxation zone is formed near the crack position, 

and the smaller the position angle, the greater the reduction in stress. At a =0°, the soil effective 

stress above the entire crack is almost reduced to the range of 0-5 kPa. This is mainly because 

after severe particle loss, the self-weight of the soil decreases. On the other hand, from the force 

chain distribution in Figure 5.31, it can be seen that when a = 0°, the soil arch above the crack 

also disperses the soil pressure towards the arch foot, which further reduces the effective stress 

in the soil. Additionally, when a = 90°, 135°, and 180°, erosion also creates stress concentration 

zones at positions opposite the crack, leading to an increase in stress in those areas. This is 

because, when the crack appears at these positions, the particle migration zone becomes deeper. 

When distant particles move towards the soil loss area to replenish the particles, they are 

significantly constrained by the presence of the tunnel structure or the sample boundary, which 

causes particle accumulation and blockage, resulting in stress concentration. 

5.4.3 The influence of burial depth and water level 

5.4.2.1 Seepage-induced soil mass loss 

Figure 5.32 presents the cumulative mass loss of soil at varying tunnel depths and water levels, 

demonstrating that particle loss increases with both tunnel depth and water table elevation. It’s 

found that the effect of the water level on particle erosion is particularly pronounced. As shown 

in Figure 5.32(d)-(f), the erosion mode transitions from convergent to divergent. When the water 

table is at 0.5 db , particle loss is minimal at 1.2%, whereas at 1.5 db , the mass loss increases 
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significantly to 6.2%. Figure 5.33 shows the change in cumulative mass loss over time. It can be 

observed that for samples with different burial depths, the time required for the mass loss to 

stabilize is relatively similar. However, for samples with different groundwater levels, the higher 

the water level, the more time it takes for the mass loss to stabilize. Additionally, the rate of mass 

loss in the initial stage also increases with the rise in groundwater level. This change occurs 

because, for samples with different tunnel burial depths, the ratio of soil pressure to groundwater 

pressure is consistent. Therefore, even at different burial depths, the erosion development pattern 

is very similar. On the other hand, an increase in groundwater level will raise the water pressure 

at the crack location, altering the ratio of soil pressure to water pressure. As a result, under the 

same burial depth and crack width, samples with a higher groundwater level will experience 

greater seepage forces, making it harder for the soil to resist groundwater seepage. 

5.4.3.2 Seepage-induced particle displacement 

Figure 5.34 plots the particle migration trajectory at different burial depths and water table levels, 

respectively. It can be found that with the increase of tunnel depth, the scope of the particle 

migration zone triggered by seepage erosion increases, which is mainly due to the fact that the 

migration zone will start from the seepage point, and extend upward at a specific angle (as shown 

in Figure 5.34(a)-(c)), and finnaly extend to the ground surface. Therefore, the deeper the tunnel 

is, the larger the scope of the disturbance zone formed. In contrast, the particle migration zone 

in Figure 5.34(d) is limited when the water table is 0.5 db . This is because, in this case, the water 

table is situated below the surface, resulting in increased effective stress in the soil above the 

water table. This leads to stronger contact between soil particles, preventing large-scale granular 
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migration. As the water table rises, the effective stress of the soil above the tunnel decreases, 

while the increased water table also accelerates the seepage rate at the cracks, triggering a larger 

range of granular flow. Comparing the angle between the extent of granular flow and the 

horizontal line, it can be observed that the angle remains relatively constant at different tunnel 

depths, around 65°, but notably decreases as the height of the water table increases. This is 

because changes in tunnel depth do not significantly affect the effective gravity of the soil, 

meaning that microscopically, the particles maintain a similar resistance to fluid erosion. In 

contrast, an increase in the water table height raises the pore fluid pressure, which reduces the 

effective stress between the particles. This reduction in effective stress weakens the soil's 

resistance to erosion, thereby expanding the extent of the disturbed zone. 

 

Figure 5.35 illustrates the surface settlement for different tunnel depths and water table levels. 

Comparing the effects of different burial depths, it can be found that although the mass loss of 

soil is much smaller when the tunnel is shallowly buried (e.g., burial depth =1.0 Td ) compared to 

when it is deeply buried (e.g., burial depth = 1.5 Td ), the surface settlement caused by the shallow 

burial is nearly the same as that caused by the deeper burial. This suggests that a shallower tunnel 

depth poses a greater hazard of surface settlement due to seepage loss. Additionally, when the 

tunnel burial depth is shallow, the surface settlement curve takes on a U-shape. In contrast, for 

deeper tunnels, the surface settlement curve becomes V-shaped. This behavior can be explained 

by the ratio of the tunnel crack opening range W ( *W R= , where is the opening angle, and 

R  is the radius of the tunnel) to the burial depth db . For shallow tunnels, / dW b  is large, leading 
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to a more uniform surface settlement across the entire opening. However, for deeply buried 

tunnels, / dW b  is much smaller, causing the cracks to behave like single seepage points, with the 

maximum settlement occurring directly above these points. As a result, the surface displacement 

curve exhibits a V-shape. Regarding the impact of varying water levels, surface settlement shows 

a significant increase as the water level rises. Additionally, a higher water level causes a broader 

area of surface settlement. Specifically, when the water level is 1.0 db   ( Figure 5.35(e)), the 

settlement near the boundary (i.e., X= 0.8 m) remains minimal. However, when the water level 

increases to 2.0 db  (Figure 5.35(f)), settlement near this boundary increases substantially. Figure 

5.36 shows the variation of maximum settlement with time for different burial depths and water 

levels. As seen in Figure 5.36(a), the curves for different burial depths exhibit similar evolution, 

indicating that the impact of tunnel depth on soil settlement primarily affects the magnitude of 

settlement. In contrast, increasing the water level not only shifts the turning point to an earlier 

time but also accelerates the rate of settlement increase. The higher the water level, the faster the 

development of surface settlement. 

5.4.3.3 Soil stress variation and microscopic contact information 

Figure 5.37 illustrates the variations in effective stress within the soil at different burial depths 

and water table levels. As the tunnel burial depth increases, the extent of effective stress reduction 

becomes more pronounced. This phenomenon arises because deeper tunnels induce large-scale 

particle flow, resulting in looser particle arrangements and weakened interparticle contact forces, 

thereby leading to a more significant reduction in effective stress. Similarly, the range of stress 

reduction caused by seepage erosion becomes more extensive with rising water table levels. The 
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microscopic contact force chains in Figure 5.38(a)-(c) reveal that increasing tunnel depth 

amplifies the lateral contact force above the seepage point, indicating that greater tunnel depths 

necessitate the transfer of higher upper earth pressures. Regarding the influence of groundwater 

level, Figure 5.38(d) shows that a stable soil arch structure is maintained when the groundwater 

level is 0.5 db . However, as the water level rises, the clear soil arch structure disappears, as seen 

in Figure 5.38(e) and (f), and is replaced by a transverse contact force chain formed after the 

collapse of the soil arch. These observations suggest that lowering the groundwater level 

enhances the soil's resistance to erosion. 

5.5 Structure response to seepage erosion 

Following the completion of tunnel seepage erosion, the contact forces between particles and the 

tunnel structure are extracted and applied as nodal external forces in a finite element analysis to 

evaluate the mechanical response of the tunnel under seepage erosion, including the tunnel 

convergent deformation and normal stress. Since the tunnel model in this study is three-

dimensional, the deformation along the longitudinal axis is non-uniform. To focus on the 

deformation around the cracks, the structural lining deformation within a 100 mm range, 

encompassing the tunnel crack, is analyzed. The average value of this deformation is calculated 

and defined as the convergent deformation of the tunnel lining. These results are presented in the 

subsequent figures. 

 

As shown in Figure 5.39(a), when the crack is located at the top of the tunnel, the influence of 

varying crack widths on deformation is primarily concentrated in the upper part of the tunnel. 
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The maximum top convergent deformation occurs when the crack width= max
1.1d . This is due to 

the reduction in structural stiffness caused by the crack, while particle loss remains minimal at 

this width, and the soil pressure around the crack does not significantly decrease compared to 

pre-erosion conditions, resulting in more pronounced deformation. In contrast, the smallest top 

deformation is observed when the crack width= max
1.2d . This can be attributed to the fact that the 

sample retains a stable soil arch after erosion, as shown in Figure 5.22(b), effectively supporting 

the overlying soil pressure and reducing deformation at the tunnel's top. Figure 5.39(b) plots the 

normal stress distribution along the ring direction of the tunnel (taking the case of crack= max
1.4d

as an example). It’s found that after the seepage erosion, the tunnel only shows a small tensile 

stress zone at the location below the waist, which indicates that for the condition where the crack 

occurs at the top, the effect of particle erosion on the structural damage is relatively small. 

 

Figure 5.40 illustrates the mechanical response of the tunnel at various crack positions. When 

the crack is located at the 45° and 90° positions, the convergent deformation at the crack is 

minimal, while significant deformation occurs beneath it. This is due to the limited upward 

migration of soil particles beneath the crack, as shown in Figure 5.27(b)-(c), resulting in only a 

small reduction in soil pressure at that location. Consequently, larger deformation is observed 

below the crack. In contrast, when the crack is located at the 135° and 180° positions, the 

maximum convergent deformation occurs primarily at the tunnel's top. This is because, after the 

loss of soil near the crack, the soil above the tunnel migrates downward. However, due to the 

tunnel's support, the soil pressure above cannot be entirely transferred downward, leading to 
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increased pressure at the top of the tunnel and consequently greater deformation. Examining the 

internal force distribution in Figure 5.40(f) and (h), it is evident that when the crack is located at 

135° and 180°, numerous tensile stress zones appear within the tunnel after erosion. Although 

the soil loss triggered by the crack at the above positions is relatively small (as shown in Figure 

5.24(d)-(e)), the inability to transfer the soil pressure downward results in increased pressure 

heterogeneity within the structure, thereby causing greater structural damage. 

 

Figure 5.41 shows the structural response at different burial depths. It can be seen that the tunnel 

burial depth mainly affects the deformation of the tunnel waist. As the burial depth increases, 

the convergence deformation of the waist increases. This is because, on the one hand, the 

increase in tunnel depth will lead to an increase in the lateral earth pressure at the waist of the 

tunnel. On the other hand, the deeper the tunnel is, the more serious the particle loss is, that is, 

the more obvious the reduction of earth pressure above the tunnel is. Therefore, under the 

combined effect of the two, when the tunnel is buried deeper, the seepage erosion causes more 

significant deformation. As a result, tensile stress zones are also mainly concentrated at the 

tunnel waist, as seen in Figure 5.41(b). At the same time, some tensile stress zones also appear 

above the tunnel, which is due to the fact that the lateral compression of the tunnel will lead to a 

tendency of expansion at the top, and hence it is also susceptible to tensile damage. 

 

Figure 5.42 presents the results for varying water table levels. When the water table is at 0.5 db , 

the soil effective stress above the tunnel is the largest, and the tunnel crown experiences the 
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highest earth pressure. However, the deformation at the crown is minimal, while the most 

significant deformation occurs at the tunnel waist. This is due to the formation of a stable soil 

arch within the soil (e.g., Figure 5.38(d)) after erosion, which redistributes the soil pressure and 

reduces deformation at the crown. As the groundwater table rises, the stability of the soil arch is 

compromised, leading to an increase in deformation at the tunnel crown and a decrease near the 

waist. A comparison with Figure 5.39(b) (water level=1.0 db ) shows that even with the water 

level raised to 1.5 db  (Figure 5.42(b)), the impact of seepage erosion on the structural tensile 

stress zone remains minimal. This indicates that the spatial location of the tunnel crack and the 

burial depth are the primary factors governing the development of tensile stress zones within the 

tunnel structure. In contrast, variations in crack size and groundwater table depth have only a 

secondary influence on the distribution of structural stresses. 

5.6 Summary 

In this study, a tunnel seepage erosion model was initially developed using a combination of 

CFD-DEM. The evolution of erosion under various conditions, such as different tunnel crack 

widths, crack positions, burial depths, and groundwater tables, was examined at a microscopic 

scale. Subsequently, the tunnel’s response to erosion was analyzed using the FEM, enabling an 

investigation of tunnel convergence deformation and normal stress distribution. Based on the 

analysis of the simulation results, the following conclusions are drawn:  

 

(a) The increase in tunnel crack width significantly accelerates cumulative soil loss. Based on 

crack size, the soil erosion pattern can be classified into three regimes: stable mode, convergent 
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erosion, and divergent erosion. As the crack position gradually shifts from the crown to the 

bottom of the tunnel, the soil mass loss gradually decreases. When the crack appears at the 

bottom of the tunnel, the amount of soil lost is the least. Additionally, mass loss increases with 

greater tunnel burial depth and higher water levels; 

 

(b) In the early stages of seepage erosion, an earth arch structure forms within the soil, supporting 

the pressure of the overlying soil layer. Under the influence of the earth arch, there is a delay in 

the maximum surface settlement relative to the loss of mass. However, as particle loss continues, 

the stability of the soil arch deteriorates, leading to a rapid increase in surface settlement. 

Increasing the crack width and raising the water table height significantly accelerate the collapse 

of the soil arch, making sudden surface settlement more likely than changes in crack position or 

tunnel burial depth; 

 

(c) Seepage erosion significantly alters the soil force transfer structure. The soil pressure 

originally borne by the eroded particles will be transferred to the soil on both sides of the crack 

under the action of soil arching. As a result, the stress changes induced by erosion exhibit 

heterogeneity. Specifically, stress relaxation occurs near the cracks, while stress concentration 

zones emerge around the cracks; 

 

(d) Increasing the crack width and water table height has a minimal effect on the increase in 

tunnel convergence deformation and tensile stress zones. In contrast, increasing tunnel burial 
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depth amplifies the convergence deformation at the tunnel girdle, making the occurrence of 

tensile stress zones more likely. The most significant factor affecting the mechanical response 

of the tunnel is the location of the cracks. As the crack location shifts from the top to the bottom 

of the tunnel, although particle mass loss decreases, the ability to transfer the overlying earth 

pressure diminishes. This results in more pronounced tunnel deformation and greater tensile 

stress damage. 
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Table 5.1 Summary of simulation scheme 

 No. Crack position (
a ) Burial depth Crack width Water head 

Crack position 

1 0° 2.0
Td  1.4

maxd  1.0
db  

2 45° 2.0
Td  1.4

maxd  1.0
db  

3 90° 2.0
Td  1.4

maxd  1.0
db  

4 135° 2.0
Td  1.4

maxd  1.0
db  

5 180° 2.0
Td  1.4

maxd  1.0
db  

Burial depth 

6 0° 1.0
Td  1.4

maxd  1.0
db  

7 0° 1.5
Td  1.4

maxd  1.0
db  

8 0° 2.0
Td  1.4

maxd  1.0
db  

Crack width 

9 0° 2.0
Td  1.1

maxd  1.0
db  

10 0° 2.0
Td  1.2

maxd  1.0
db  

8 0° 2.0
Td  1.3

maxd  1.0
db  

1 0° 2.0
Td  1.4

maxd  1.0
db  

11 0° 2.0
Td  1.5

maxd  1.0
db  

Water head 

12 0° 1.5
Td  1.3

maxd  0.5
db  

7 0° 1.5
Td  1.3

maxd  1.0
db  

13 0° 1.5
Td  1.3

maxd  1.5
db  

 Note:
Td is the outer diameter of the tunnel; 

maxd is the diameter of the maximum particle size; 
db is the 

 burial depth of the tunnel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.2 Parameters used in the simulation 

Parameters  Unit Value 
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DEM domain 

Particle Young’s modulus pE  Pa 81 10  

Particle Poisson’s ratio p  - 0.3 

Particle density p  
3kg m−  32.61 10  

Particle-to-particle friction coefficient p  - 0.5 

Particle-to-wall friction coefficient
w  - 0.5 

Restitution coefficient pe  - 0.3 

Rolling resistance 
cr  - 0.1 

Diameter of particles pd  mm 0.3-2 

Timestep of DEM
DEMt  s 72.4 10−  

Gravity acceleration m/s2 9.8 

Particle number - 2,000,000 

CFD domain 

Fluid density f  
3kg m−  1000 

Dynamic viscosity f  Pa s  1000 

Timestep of CFD
CFDt  s 52.4 10−  

FEM domain 

Structure density
s  3kg m−  2500 

Structure Young’s modulus
sE  Pa 81.92 10  

Structure Poisson’s ratio
s  - 0.182 

 

 

Figure 5.1 Algorithm flowchart of CFD-DEM-FEM coupling 



 

CHAPTER 5 STUDY ON TUNNEL SEEPAGE EROSION AND MECHANICAL RESPONSE BASED ON CFD-DEM-FEM  

137 
 

 

 

(a) (b) 

Figure 5.2 Contact force on the tunnel element: (a) tunnel mesh with tetrahedral element; (b) contact 

between particle and trilateral element 

 

Figure 5.3 Particle size distribution (PSD) curves of HK-CDG and enlarged PSD used in simulation 
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Figure 5.4 Simplified modeling of cracks between tunnel linings 

 

 

 

 

 

(a) (b) 

Figure 5.5 Setup of the simulated numerical model: (a) configuration of the tunnel erosion model; (b) the 

definition of crack position angles 
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(a) (b) 

Figure 5.6 Setup of the fluid domain: (a) mesh part and boundary condition for CFD; (b) fluid velocity field 

 

Figure 5.7 Distribution of initial void ratio 
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Figure 5.8 Process of tunnel excavation 

   

(a) (b) (c) 

Figure 5.9 The distribution of soil effective stress: (a) analytical distribution; (b) simulated results; (c)stress 

distribution after excavation 
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Figure 5.10 Analytical solution for tunnel pressure 

  
(a) (b) 

Figure 5.11 Comparison of tunnel pressure distribution between analytical solution and simulation results: 

(a) analytical solution; (b) simulation results 

   

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

Figure 5.12 Particle loss for different crack widths: (a) Crack width=
max1.1d ; (b) Crack width=

max1.2d ;(c) 

Crack width=
max1.3d ; (d) Crack width=

max1.4d ;(e) Crack width=
max1.5d  

 

Figure 5.13 Eroded mass loss versus simulation time for different crack widths 

 

Figure 5.14 Final mass loss versus crack width 
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(a) (b) (c) 

  
(d)  (e)  

Figure 5.15 Particle trajectory during erosion for different crack widths: (a) Crack width=
max1.1d ; (b) Crack 

width=
max1.2d ;(c) Crack width=

max1.3d ; (d) Crack width=
max1.4d ;(e) Crack width=

max1.5d  

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

Figure 5.16 Distribution of soil displacement contour for different crack widths: (a) Crack width=
max1.2d ; (b) 

Crack width=
max1.3d ; (c) Crack width=

max1.4d ; (d) Crack width=
max1.5d  

  

 

(a) (b)  

  

 

(c) (d)  
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(e)  

Figure 5.17 Surface displacement for different crack widths: (a) Crack width=
max1.1d ; (b) Crack width=

max1.2d ;(c) Crack width=
max1.3d ; (d) Crack width=

max1.4d ;(e) Crack width=
max1.5d  

 

Figure 5.18 Maximum displacement versus erosion time for different crack widths. 

 

   

(a) (b) (c) 
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(d) (e) (f) 

Figure 5.19 Distribution of fine content after erosion: (a) Initial state; (b) Crack width=
max1.1d ; (c) Crack 

width=
max1.2d ; (d) Crack width=

max1.3d ; (e) Crack width=
max1.4d ; (f) Crack width=

max1.5d  

  
(a) (b) 

  
(c) (d) 
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(e) 

Figure 5.20 Distribution of soil effective stress for different crack widths:  (a) Crack width=
max1.1d ; (b) 

Crack width=
max1.2d ;(c) Crack width=

max1.3d ; (d) Crack width=
max1.4d ;(e) Crack width=

max1.5d  

 

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

Figure 5.21 Soil contact force chain and soil arch effect: (a) 0t = ; (b) 1st = ; (c) 2st = ; (d) 5st = ; (e) 

10st =  

 

 

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

Figure 5.22 Contact force chain distribution in samples with different crack widths: (a) Crack width=

max1.1d ;(c) Crack width=
max1.3d ; (d) Crack width=

max1.4d ;(e) Crack width=
max1.5d  

 

 

   

(a) (b) (c) 

   
(d) (e) (f) 

Figure 5.23 Distribution of normal contact for different crack widths: (a) Initial state; (b) Crack width=

max1.1d ;(c) Crack width=
max1.2d ;(d) Crack width=

max1.3d ;(e) Crack width=
max1.4d ;(f) Crack width=

max1.5d  
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(a)  (b)  (c)  

  
(d)  (e)  

Figure 5.24 Particle loss with varying crack positions: (a) 0a = ; (b) 45a = ; (c) 90a = ;(d) 

135a = ;(e) 180a =  
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Figure 5.25 Eroded mass loss versus simulation time for different crack positions 

 

Figure 5.26 The force on the particles during erosion 

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

Figure 5.27 Particle trajectory during erosion for different opening angles: (a) 0a = ;(b) 45a = ;(c) 

90a = ;(d) 135a = ;(e) 180a =  

  
(a) (b) 

  
(c) (d) 
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(e) 

Figure 5.28 Surface displacement for different opening angles: (a) 0a = ; (b) 45a = ; (c) 90a = ;(d) 

135a = ;(e) 180a =  

 

Figure 5.29 Maximum displacement versus erosion time for different crack positions. 

  
(a) (b) 

  
(c) (d) 
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(e) 

Figure 5.30 Distribution of soil effective stress for different opening angles: (a) 0a = ; (b) 45a = ; (c) 

90a = ;(d) 135a = ;(e) 180a =  

   
(a) 0a =  (b) 45a =  (c) 90a =  

  
(d) 135a =  (e) 180a =  

Figure 5.31 Contact force chain distribution in samples with different crack positions: (a) 0a = ; (b) 

45a = ; (c) 90a = ;(d) 135a = ;(e) 180a =  
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 5.32 Particle loss for different burial depths and water levels: (a) Burial depth=1.0 Td ; (b) Burial 

depth=1.5 Td ; (c) Burial depth= 2.0 Td ;(d) Water level= 0.5 db ;(e) Water level=1.0 db ;(f) Water level=1.5 db  

  
(a) (b) 

Figure 5.33 Eroded mass loss versus simulation time: (a) Different burial depths; (b) Different water levels 

   
(a) Burial depth=1.0 Td  (b) Burial depth=1.5 Td  (c) Burial depth= 2.0 Td  
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(d) Water level= 0.5 db  (e) Water level=1.0 db  (f) Water level=1.5 db  

Figure 5.34 Particle trajectory during erosion for different burial depths and water levels: (a) Burial depth=

1.0 Td ; (b) Burial depth=1.5 Td ; (c) Burial depth= 2.0 Td ;(d) Water level= 0.5 db ;(e) Water level=1.0 db ;(f) 

Water level=1.5 db  

   
(a) Burial depth=1.0 Td  (b) Burial depth=1.5 Td  (c) Burial depth= 2.0 Td  

   
(d) Water level= 0.5 db  (e) Water level=1.0 db  (f) Water level=1.5 db  

Figure 5.35 Surface displacement for different burial depths and water levels: (a) Burial depth=1.0 Td ; (b) 

Burial depth=1.5 Td ; (c) Burial depth= 2.0 Td ;(d) Water level= 0.5 db ;(e) Water level=1.0 db ;(f) Water level=

1.5 db  
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(a) (b) 

Figure 5.36 Maximum displacement versus erosion time for different burial depths and water levels:  

   
(a) (b)  (c) 

   
(d)  (e) (f) 

Figure 5.37 Distribution of soil effective stress for different burial depths and water levels: (a) Burial depth=

1.0 Td ; (b) Burial depth=1.5 Td ; (c) Burial depth= 2.0 Td ;(d) Water level= 0.5 db ;(e) Water level=1.0 db ;(f) 

Water level=1.5 db  

 

   
(a) Burial depth=1.0 Td  (b) Burial depth=1.5 Td  (c) Burial depth= 2.0 Td  
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(d) Water level= 0.5 db  (e) Water level=1.0 db  (f) Water level=1.5 db  

Figure 5.38 Contact force chain distribution in samples with different burial depths and water levels: (a) 

Burial depth=1.0 Td ; (b) Burial depth=1.5 Td ; (c) Burial depth= 2.0 Td ;(d) Water level= 0.5 db ;(e) Water 

level=1.0 db ;(f) Water level=1.5 db   

 

 

(a) (b) 

Figure 5.39 Mechanical response of tunnel with different crack widths: (a) Convergent deformation; (b) 

Normal stress of tunnel (crack width=
max1.4d ) 

 
 

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

 
 

(e) (f) 

 
 

(d) (h) 

Figure 5.40 Mechanical response of tunnel with different crack positions: Convergent deformation: 45a = ; 

(b) Normal stress: 45a = ; (c) Convergent deformation: 90a = ; (d) Normal stress: 90a = ; (e) 

Convergent deformation: 135a = ; (f) Normal stress: 135a = ; (d) Convergent deformation: 180a = ; 

(h) Normal stress: 180a =  
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(a) Convergent deformation (b) Normal stress of tunnel (burial depth=1.0
tD ) 

Figure 5.41 Mechanical response of tunnel with different burial depths: (a) Convergent deformation; (b) 

Normal stress of tunnel (burial depth=1.0
tD ) 

 

 

(a) Convergent deformation (b) Normal stress of tunnel (water level=1.5
sH ) 

Figure 5.42 Mechanical response of tunnel with different water levels: (a) Convergent deformation; (b) 

Normal stress of tunnel (water level=1.5
sH ) 
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CHAPTER 6 CFD-DEM-BASED CONTINUUM MODEL FOR SEEPAGE-

EROSION-MECHANICS COUPLING 

6.1 Introduction 

Seepage erosion in soil represents a complex, coupled problem that involves multiple phases 

(solid, fluid), multiple fields (seepage, mechanical), and multiple scales (particle level, 

engineering level). As demonstrated in previous chapters, while the CFD-DEM method 

efficiently addresses the numerical solution of multiphase and multifield problems, its modeling 

capacity remains constrained by computational power, restricting its application to small-scale 

RVE problems or mesoscopic BVP issues. To investigate internal erosion at the engineering 

scale, researchers have developed a four-phase medium theory within the continuum mechanics 

framework (de Boer, 2000; Uzuoka and Borja, 2012). By employing the finite element method, 

this theory facilitates the simulation of erosion at macroscopic engineering scales. Within this 

framework, the loss of fine particles is represented by mass exchange between the solid and 

liquid phases, while the progression of erosion is governed by a series of mass balance equations. 

Importantly, when solving the governing equations, explicit expressions for the mass exchange 

rates between the phases, referred to as the erosion law, are essential. Numerous studies on 

erosion laws have been proposed (Azadbakht et al., 2020; Deng et al., 2023), most of which are 

based on semi-empirical formulas derived from laboratory experiments (Sterpi, 2003; Cividini 

et al., 2009; Uzuoka et al., 2012; Khalil et al., 2013). For instance, Sterpi (2003) proposed a 

functional relationship for the fine particle erosion rate, which is dependent on the hydraulic 

gradient and erosion time. Liang et al. (2019) applied this model to simulate their experimental 
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observations. However, the model fails to predict experimental results under varying hydraulic 

conditions using a unified set of soil parameters, thus limiting its generalizability. Building upon 

Sterpi’s model, Uzuoka et al. (2012) incorporated the effects of soil porosity and fine particle 

content, formulating an improved model for the fine particle loss rate as a function of fluid 

velocity. Nevertheless, this model neglects the influence of the soil’s stress state. Notably, the 

research presented in Chapter 3 of this paper demonstrates that the stress state of the soil plays a 

critical role in the progression of erosion. In response, Deng et al.(2023) recently proposed an 

erosion law that factors in the overburden pressure of the soil at K0 state, but the inclusion of 

mean stress and deviatoric stress, which are commonly encountered in soil testing, has not yet 

been addressed. Therefore, there is an urgent need for further research to develop a new erosion 

law that encompasses the soil stress state. 

 

This study aims to propose a novel erosion law that facilitates the hydro-mechanical modeling 

of suffusion within the framework of the four-constituent continuum theory. Notably, the erosion 

law is derived from the results of CFD-DEM simulations rather than physical experiments. The 

newly proposed model incorporates both hydraulic conditions and the soil's stress state. At the 

same time, by integrating a constitutive model that can account for the effects of erosion, a 

simulation framework for seepage-erosion-mechanical coupling is ultimately established.。 

6.2 CFD-DEM simulations and novel erosion law 

The erosion law describes the rate at which fine particles detach from the soil skeleton and 

become flowing particles during seepage. As discussed in previous chapters, the CFD-DEM 
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approach effectively captures fine particle migration at the microscopic scale. Building on this 

capability, the present chapter develops a novel erosion law derived from microscopic CFD-

DEM simulations. Additionally, to couple erosion with mechanics, the erosion law must account 

for both hydraulic conditions and stress states. Therefore, before establishing the erosion law, 

this chapter first conducts CFD-DEM erosion simulations on samples under different hydraulic 

gradients and stress states. 

6.2.1 Testing soils and schemes 

Given that HK-CDG, as a gap-graded soil, has been extensively studied in laboratory 

experiments focusing on its erosion development (Chang and Zhang, 2013b), this chapter 

proposes an erosion law based on HK-CDG soil. The particle size distribution of HK-CDG is 

shown in Figure 6.1. To facilitate CFD-DEM simulation, the initial gradation is simplified to 

narrow the particle size range. The simplified model consists of fine particles with a diameter of 

0.2 mm and coarse particles with a diameter of 1.2 mm, maintaining a fine particle content of 

35%, consistent with the original sample. The gradation curve employed in the simulation is 

depicted by the solid line in Figure 6.1. The generation process of the CFD-DEM sample follows 

the methodology described in earlier Chapters, and the final model is illustrated in Figure 6.2, 

where the DEM domain is a cube with dimensions of 12mm×12mm×12mm, while the CFD 

domain extends 36 mm in the length direction. To mitigate the impact of gravity on the results, 

an upward seepage erosion method is adopted. The microscopic parameters used in the 

simulation are detailed in Table 6.1. 
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The objective of this study is to investigate the influence of seepage velocity, confining pressure 

(mean stress) and stress ratio on solid-liquid mass exchange. To achieve this, a total of 11 samples 

are established with varying hydraulic gradients ( 2,3,4,6,8,12m/mi =  ), mean stresses 

( 50,100,150,200kPap =  ) and stress ratios ( / 0,0.3,0.5,0.75q p = =  ,where q  is deviatoric 

stress) are established. The details of these samples are provided in Table 6.2. The simulation 

time is determined based on the criterion that no further loss of fines occurs. However, slight 

differences in simulation time may arise due to different stress conditions, ranging from 8.5 to 

12.5 seconds. 

6.2.2 Results of the fines mass loss 

Figure 6.3 shows the percentage of fines mass loss em , which is given by the ratio of cumulative 

lost mass and initial fines mass. Generally, the evolution of mass loss shows an initial high rate, 

followed by a decrease with increasing suffusion time, and eventually reaching a steady state 

where the loss of fine particles becomes negligible. These numerical results align well with 

observations from physical experiments (Marot et al., 2012; Chang and Zhang, 2013a; Ke and 

Takahashi, 2014b). As the hydraulic gradient (seepage velocity) increases, the fluid exerts a 

stronger drag force on fines, facilitating particle transportation and resulting in increased fines 

loss. It is noteworthy that the relationship between the maximum mass loss ratio and seepage 

velocity exhibits significant nonlinearity. Specifically, when the hydraulic gradient is below 

2m/m, the specimen does not exhibit visible fines loss. As the hydraulic gradient increases to 

3m/m, the mass loss slightly increases. However, when the hydraulic gradient is increased from 

3 to 4m/m, the mass loss significantly increases. Subsequently, when the hydraulic gradient is 
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increased from 4 to 12m/m, the increase in mass loss becomes very limited. Laboratory 

experiments (Chang and Zhang, 2013b) have also confirmed such nonlinear behavior. On the 

other hand, an increase in mean stress enhances particle connection, thereby increasing erosion 

resistance and decreasing mass loss. Conversely, the presence of deviatoric stress leads to an 

anisotropic distribution of contact forces, increasing the likelihood of particle migration and 

resulting in more fines loss (Zhou et al., 2022; Liu et al., 2023b). 

6.2.3 The model of fines mass loss 

To derive the erosion law in the following section, which describes the rate of volumetric mass 

loss exchange from fine particles to the fluid, a cumulative mass loss model is first introduced. 

Based on the observations from Figure 6.3, it is evident that the evolution of the mass loss ratio 

follows the patterns of exponential functions. Therefore, the following exponential formula is 

proposed: 

[1 exp( ( / ) )]e ea b

e e f refm m v p p t= − −  (6.1) 

where em is the mass loss ratio, and fv  denotes the seepage velocity. p  and refp  are the mean 

stress and reference stress, respectively. In this study, the refp  is uniformly specified as 50kPa. 

t  is the suffusion time. , ,e e ea b are soil-related material parameters. m  is the maximum mass 

loss ratio when seepage erosion stabilizes. It is a function of seepage velocity, mean stress and 

stress ratio, given as: 

1 2

0

3

exp( / ( / ) )
( , , )

1 exp( ( ))

ec

ref p

f

f fc

L p p L M
m v p m

L v v




+
=

+ −
 (6.2) 

where pM  is the soil peak stress ratio (according to the DEM triaxial results, the peak stress 

ratio for HK-CDG is determined as 0.85 in this study), and fcv  is a critical seepage velocity. 
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0 1 2 3, , , , em L L L c  are fitting parameters. 

 

Eqn. (6.2) indicates that for a given confining pressure and stress ratio, as the seepage velocity 

increases, m  approaches 0m , and the mass loss does not increase infinitely. This is because, 

based on the tests conducted, there is always a portion of fines that remains in the soil regardless 

of the level of hydraulic gradient. All the unknown parameters in Eqn. (6.2) can be calibrated by 

fitting the data of the ultimate mass loss ratio m  under different test conditions. Figure 6.4 

presents the fitting results of Eqn. (6.2) and the calibrated parameters are listed in Table 6.3. 

Once the Eqn. (6.2) is determined, it can be substituted into Eqn. (6.1), allowing the unknown 

parameters in Eqn.(6.1) to be calibrated using the time evolution curve of the mass loss ratio 

obtained from CFD-DEM, as shown in Figure 6.5. From the fitting curves in Figure 6.4 and 

Figure 6.5, it can be found that the proposed mass loss ratio formula can well correspond to the 

results from CFD-DEM simulations for most cases. 

 

To further validate the effectiveness of the model, the calculated results are compared with 

experiments conducted by Liang et al.(2017b) using gap-graded soils (as illustrated in Figure 

6.6). The mean stress and deviatoric stress in the experiments were applied using confining and 

vertical loading systems, thus soil with different initial stress states could be obtained. 

Subsequently, the samples were subjected to an upward seepage flow through a water supply 

system. By adjusting the height of the upstream water tank, various hydraulic gradients could be 

imposed. 
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For the purpose of validation, three samples, featuring different hydraulic gradients, mean 

stresses, and stress ratios were selected from the experiments. It’s noticed that in Eqs. (6.1)-(6.2), 

the seepage velocity of the specimen during suffusion is required. However, Liang et al. did not 

provide the complete variation of seepage velocity, but only the final hydraulic gradient. 

Therefore, it is assumed that the flow velocity ( fv ) remains constant and satisfies Darcy's law 

to obtain the required velocity for calculations based on the permeability coefficient provided in 

their study. Additionally, the model also requires the value of the maximum stress ratio pM , 

which was also not provided in their experiments. Hence, it is assumed that its value is 1. It is 

important to note that these assumptions do not affect the correctness of the model; they only 

impact the calibration of parameter magnitudes. If an accurate value for pM  is available for the 

specimen, only the magnitude of the parameter needs to be adjusted accordingly. 

 

Three groups of results with different hydraulic gradients, mean stresses, and stress ratios were 

selected and plotted in Figure 6.7, where the dashed lines represent the predicted results from 

Eqs. (6.1)-(6.2). The parameter values used in the calculations are shown in Table 6.3. It can be 

observed that the proposed model successfully reproduces the main evolution of the experiments, 

indicating its effectiveness in capturing the suffusion process in gap-graded soils. 

6.3 Continuous medium theory framework for seepage-erosion-mechanical coupling 

As discussed in the Introduction to this thesis, the loss of fine particles during suffusion can be 

modeled within the continuous medium mechanics framework using the mass balance equations. 
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Following the development of a prediction formula for the fines mass loss in Section 6.2 using 

CFD-DEM, an explicit expression for the mass exchange rate required to solve the governing 

equations can be derived. Building on this foundation, this section will establish a computational 

framework for the seepage-erosion-mechanical coupling for gap-graded soils, integrating four-

phase media theory and a soil constitutive model that incorporates the effects of erosion. 

6.3.1 Four constituents model 

The soil undergoing suffusion can be considered as a saturated soil. In previous studies, saturated 

soil has often been treated as a two-phase medium consisting of fluid and soil skeleton. However, 

erodible soils typically consist of coarse and fine particles. In this case, the fine particles can 

migrate within the pores with infiltrating water flow, while the coarse particles, serving as the 

soil skeleton, cannot be transported. Therefore, treating the soil as a two-phase medium fails to 

distinguish between the various modes of coarse and fine particle movement during erosion. 

Therefore, Schaufler et al. (2013a) proposed a more detailed distinction within the solid phase 

of saturated soil, separating it into the soil skeleton composed of coarse particles, fluid-like fines, 

and solid-like fines. As is illustrated in Figure 6.8, in a representative elementary volume of 

saturated soil, the volume of solid (dV) consists of four constituents: pure fluid ( ffn ), eroded 

fluidized fine particles ( fpn , fluid-like), non-eroded erodible fine particles ( sen , solid-like), and 

the coarse skeleton ( ssn ). The volume fraction of each constituent is determined as follows: 

d

d

i
i V

n
V

=
 

(6.3) 

where { , , , }i ff se ss fp= , iV  is the volume of each corresponding constituent.  
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After neglecting the hydro-mechanical dispersion tensor, Schaufler et al. (2013) presented the 

mass balance equation for each term at the material point scale: 

( )
( ) ,div

i

i ex i

i
t


 


+ =


v  (6.4) 

Where 
,ex i  and iv  represent the mass exchange term and velocity corresponding to each 

constituent, respectively. The partial density 
i  is defined as the ratio of the mass idm  of 

constituent i  to the volume dV of the RVE. The relationship between the partial density 
i  and 

the effective density 
iR  is as follows: 

d d d

 d d d

i i i
i iR i

i

m m V
n

V V V
 = = =  (6.5) 

The mass balance equations can be reduced to a balance equation represented by the volume 

fraction: 

( )
( ) ,div

i

i ex i

i

n
n n

t


+ =


v  (6.6) 

where ,ex in  is the volume mass exchange term for each constituent. 

 

To further derive the final governing equations, it is assumed that the fluidized fine particles 

eroded from the soil and the fluent has the same velocity at any given time and coordinate 

location. Coarse particles (i.e., the solid skeleton) can deform but do not erode. The porosity field 

( ),t x within the sample, the erodible fine content ( ),cf tx , and the concentration of fluidized 

fine particles ( ),c tx  are defined as follows: 

d d d

 d d

ff fp
ff fpvV V V

n n
V V


+

= = = +  (6.7) 

1

se se

c ss se

n n
f

n n 
= =

+ −
 (6.8) 

fp fp

ff fp

n n
c

n n 
= =

+
 (6.9) 
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When fine particles undergo a phase transition from solid to fluidized particles, the volume mass 

exchange is as follows: 

, , , ,ˆ,  0,  0ex fp ex se e ss ex ffn n n n n− = = = =  (6.10) 

where n̂  is the volume exchange rate, i.e, the erosion law, which will be discussed in detail in the 

following section. 

 

By combining Eqs. (6.3) to (6.10), the mass balance equations are obtained as follows (Yang, 

2019): 

( ) ( )div div ˆ
s s n

t





− + − =


v v  (6.11) 

( ) ( )
( ) ( )iv i ˆd d v

c c

c s c s

f f
nf f

t t




 
− + − =

 
v v  (6.12) 

( ) ( )
( )

div div ˆ
w s n

c
cq c

t





+ =


−+ v  (6.13) 

( ) ( )div div 0w sq + =v  (6.14) 

where 'div' is the divergence operator; wq  is the volumetric flow rate, which is the flow passing 

through a unit area per unit time. Assuming the fluid satisfies Darcy's law, it can be determined 

as follows: 

( )
( )

,
grad

( )

c

w w

k

k f
q p

c



 
= −  (6.15) 

where wp   is the pore pressure; k   is the fluid's dynamic viscosity; k   is the intrinsic 

permeability of the soil, which is a function of the fine particle content cf  and porosity   of 

the current soil;   is the mixed density of the water-soil mixture, which is a function of the 

concentration c . k and   are given by the following equations: 

 
3

0 1 (1 )
km

ck k f = − −  (6.16) 

(1 )s fc c  = + −  (6.17) 

where s   and f   represent the densities of the solid and fluid, respectively; km   is the 
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cementation exponent  related to the pore geometry (Revil and Cathles Iii, 1999). 

6.3.2 Implementation of erosion law 

The volume exchange rate n̂  in Eqs (6.11) to (6.14), also known as the erosion law, represents 

the rate at which fine particles are eroded. It can be derived from the mass loss ratio em . Taking 

the derivative of Eqn. (6.1) yields: 

( / ) exp( ( / ) ) ( / ) ( )e e e e e ea b a b a be
e f ref e f ref e f ref e

m
v p p m v p p t v p p m m

t
   


= − = −


 (6.18) 

Then, based on the definition of the mass loss ratio, which is the ratio between the eroded fines 

mass fm  and the initial fines mass 0fm , em  can be rewritten as follows: 

0 0 0 0 0 0 0

/

/

f f f s f

e

f c c s c

m m m V
m

m m f m f V f





   
= = = =

 

(6.19) 

where 0m  is the initial total mass of soil, 0cf  is the initial fine content.  s is the soil density. fV

and 0V  denotes the cumulative volume of eroded fines and the initial volume of soil, respectively. 

Similarly, differentiating Eqn. (6.19) yields: 

0

0

( / )1 fe

c

V Vm

t f t

 
=

 
 

(6.20) 

Submitting 
0( / )

ˆ fV V
n

t

 
=


 into Eqn. (6.20) and (6.18), the volume exchange rate can be 

expressed by:  

0
ˆ ( / ) ( )e ea b

e f ref e cn v p p m m f = −  (6.21) 

where m  is the final mass loss ratio, given by Eqn.(6.2). ( )em m −  denotes the residual fraction 

of the erodible fines. 

 

It can be found that the newly proposed law (Eqn.(6.2) and Eqn.(6.21)) not only takes into 

account the seepage velocity but also incorporates the influence of mean stress p  and stress 
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ratio   ( /q p ). Consequently, it provides a foundation for establishing a hydromechanical 

model that considers the suffusion process. 

6.3.3 Critical state-based and fines-dependent mechanical model 

In order to realize the hydromechanical modeling for suffusion, an appropriate mechanical 

constitutive model is of great importance. Yang et al. (2020b) pointed out that the influence of 

erosion on mechanical responses includes two aspects: first, the decrease of particles reduces the 

soil shear stiffness, leading to an increase in deformation of the granular assembly. Second, soil 

friction properties, for example, sliding resistance, can be changed due to erosion. Therefore, an 

appropriate constitutive relationship must reflect these characteristics. However, it is important 

to emphasize that the focus of this study is still on soil erosion, and the primary aim should be to 

describe the erosion process. When selecting the constitutive model, in addition to ensuring it 

captures the aforementioned characteristics, it is essential to maintain simplicity in form to avoid 

difficulties in achieving convergence when solving the governing equations. For this purpose, 

this study adopts a simple exponential constitutive function, which has been improved by Yin et 

al. (2018) and Wu (2019). This model takes into account the nonlinear elastic relationship, the 

nonlinear dilatancy relationship, and the critical state concept, thereby enabling the modeling of 

the impact of erosion on the mechanical behavior of the soil. 

Basic exponential function 

The stress ratio and shear strain of granular materials typically exhibit progressive nonlinear 

friction characteristics. This progressive relationship of friction can be represented by an 

exponential form, as follows: 
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( )1 ab e  −= −  (6.22) 

In nonlinear constitutive modeling, an incremental form has to be considered. Therefore, Eqn. 

(6.22) is rewritten as: 

 
(6.23) 

Under triaxial testing conditions, the stress ratio /q p =  is defined as the ratio of the deviatoric 

stress ( )a rq q  = −  to the mean effective stress ( ) )3( 2 /a rp p    = + , where a  and r  

represent the axial and radial stresses, respectively. Therefore, Eqn. (6.23) under triaxial 

conditions can be further rewritten as follows: 

(1 ) d

p

G
M




 = −  (6.24) 

where 2( ) / 3ad r  = −  represents the deviatoric strain increment; pM  is the strength ratio; 

3 /G pG

=  is the initial stiffness; and G  is the shear modulus. According to the definition of 

stress ratio  , the following relationship can also be obtained: 

( )2

1q q q
p q p

p p p p


     

   
=  = − = −  (6.25) 

By combining Eqn. (6.25) and Eqn. (6.24), the deviatoric stress increment can be obtained as 

follows: 

3 ( ) d

p

q q
q G p p

M p
   



 
= − + 

  
 (6.26) 

Dilatancy is an important mechanical property of soil. To describe the volume deformation 

caused by shear, the dilatancy equation proposed by Roscoe and Burland (Roscoe and Burland, 

1968) is used: 

v
t

d

in

p

q
M

p



 
= −  (6.27) 

where 
in

v  represents the volumetric strain increment caused by shear, and ptM  is the phase 

1ab
b


 

 
= − 

 
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transition strength ratio. 

The increment expression for the mean effective stress is as follows: 

( ) )(i

v v v

n

pt d

q
p K K M

p
    



 
= − = + − 

 
 (6.28) 

where K  represents the bulk modulus, and 2a rv  = +  is the volumetric strain increment. 

Finally, the constitutive model is completely defined by: 

3 ( ) d

p

q q
q G p p

M p
   



 
= − + 

  
 (6.29) 

)(v pt d

q
p K M

p
  



 
= + − 

 
 (6.30) 

Enhancement of nonlinear elasticity 

To account for the change in soil stiffness induced by erosion, Yin et al. (2018) modified the 

nonlinear elastic relationship of the model as suggested by Richart et al. (1970): 

2

0

(2.97 )
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e p
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e p
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 (6.31) 
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e p
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e p

 −
=  

+  
 (6.32) 

where 0G  is reference bulk moduli, and 0K  is reference shear moduli. n  is a model parameter, 

typically ranging from 0.5 to 0.7; and 101.325kPaatp =  is the reference atmospheric pressure.  

Enhancement of critical state concept 

The concept of critical state was established by Roscoe and Schofield (1968) based on a series 

of triaxial test results. According to critical state theory, regardless of the initial state of the soil 

sample or the stress path it undergoes, the sample will reach the so-called critical state after a 

certain degree of shear deformation. At this point, only the shear strain continues to increase, 

while the mean effective stress and volume of the soil sample remain constant. Yin et al. (2018) 
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introduced the nonlinear critical state line (CSL) in the log 'e p−  plane, as proposed by Li and 

Wang (1998): 

0c c

at

p
e e

p




 

= −  
 

 (6.33) 

where   represents the slope of the CSL,   is the model parameter controlling the 

nonlinearity, and 0ce  is the critical void ratio at very low confining pressure. 

 

After introducing the critical state, the dense state of the soil can be described by the ratio of

/ce e  or the distance between ce e− , where e  is the current void ratio of the soil. ce  is the 

critical state void ratio corresponding to the current mean effective stress p 
, which can be 

calculated from the CSL expression defined in Eqn. (6.33). When / 1ce e   or 0ce e−  ,the soil 

is in a loose state. When / 1ce e   or 0ce e−  ,the soil is in a dense state. To further account for 

the impact of the dense state on the soil's stress-strain behavior, the dynamic peak friction angle 

p  and the dynamic phase transition angle pt  can be defined as follows: 

tan tan
pn

c
p c

e

e
 

 
=  
 

 (6.34) 

tan tan

dn

pt c

c

e

e
 

 
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 

 (6.35) 

where c  is friction angle. pn  and dn  are model interlocking parameters, which, according to 

the suggestion of Biarez and Hicher (1994), can be taken as 1.  

 

The dynamic peak friction angle indicates that, for soils in a loose state, the initial friction angle 

p  is less than the critical friction angle c . In contrast, for soils in a dense state, the initial 

friction angle p  is greater than the critical friction angle c . Upon reaching the soil's peak stress 
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state, shear dilation initiates, reducing interparticle interlocking forces. This degradation of 

frictional resistance leads to a decline in the peak friction angle, ultimately resulting in strain-

softening behavior. The dynamic phase transition angle indicates that for soils in a loose state 

( ce e ), pt  is greater than the critical friction angle c , causing the soil to contract. Conversely, 

for soils in a dense state ( ce e ), pt  is less than the critical friction angle c , leading the soil to 

exhibit dilative behavior. This allows the modeling of dense soils initially contracting before 

undergoing dilation. Using the dynamic peak friction angle and dynamic phase transition angle, 

the expressions for the peak strength ratio pM  and the phase transition strength ratio ptM  can 

be further derived as follows: 

6sin

3 sin

p

p

p

M



=

−
 (6.36) 

6sin

3 sin

pt

pt

pt

M



=

−
 (6.37) 

Enhancement of nonlinear stress dilatancy 

Extensive experimental observations show that the stress path of the soil in p q −  space always 

increases almost vertically during undrained triaxial loading, indicating that during the initial 

shear phase, the volumetric strain is very small. Based on this, Yin et al. (2018) further refined 

the dilatancy relationship of the model, and the modified expression is as follows: 

( )1 expv
d pt

d

in
q

A M d
p




 

 
= − − −    

 
 (6.38) 

where dA  and d  is a constant controlling the magnitude of the stress-dilatancy.  

By substituting Eqn. (6.38) into Eqn. (6.27), the improved expression for the mean effective 

stress increment can be obtained: 

( ) ( ))( 1 expv v v d

i

p d

n

t

q
p K K A M d

p
     



 
= − = + − − −   

 
 (6.39) 
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Fines-dependent critical state 

When fine particles within the soil are eroded, the porosity as well as fine content vary 

correspondingly. Studies have illustrated that the mechanical response of gap-graded soils is 

highly dependent on fine content (Yin et al., 2014, 2016b). In order to correctly reflect the 

mechanical variation induced by erosion, the above model can further be enhanced. For the CSL 

in Eqn. (6.33), Yin et al. (2018)  made the following corrections to 0ce : 

( )
( )

( )

( )

c th

c0 hc,cr0 c c

c thc
hf ,cr0 c

d

1 tanh
1

2

1 tanh1
       

2
m

f f
e e f af

f ff
e f

R





− −   = − + 

  + − −  + + 
  

 (6.40) 

where , 0hc cre  and , 0hf cre  are the reference critical void ratios for the pure sand ( 0cf = ) and the 

pure silt ( 100cf = ), respectively. th, , ,a m f  are material constants, in which  controls the 

transition zone between the sandy silt and the silty sand. th f is the threshold fines content from 

the coarse grains skeleton to the fine grains skeleton. dR  is the ratio of the mean size of coarse 

particles and the mean size of fine particles. By combining Eqs. (6.33) and (6.40), the effect of 

changes in fine content on the critical state line can be assessed. 

6.3.4 The establishment of framework for the coupling of seepage-erosion-mechanics 

The coupling framework in this study aims to realize the two-way full coupling between erosion 

and mechanical response. On the one hand, the stress state of the soil is considered through the 

proposed erosion law, which controls the erosion evolution. On the other hand, the effect of 

erosion on mechanical behaviour is considered through two aspects. Firstly, the erosion-induced 

cf  variation is directly linked to the position of CSL in the constitutive model. Secondly, 
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erosion-induced void ratio increase also changes the soil peak strength and stiffness. Using the 

above framework, the hydromechanical modeling can be implemented for internal erosion tests. 

  

Unlike the traditional triaxial experiments, the soil specimen during the suffusion test is normally 

subjected to constant boundary stresses. Therefore, the strain change is actually induced by the 

variation of peak strength ratio and stiffness, as: (Yang et al., 2020b) 

p p p p( ) ( 1)

d

p p

( ln ) ( ln )i i
M M M M

G M G M 

 
 −

   
= − +   

    

−



−


 (6.41) 

where the superscript ( i ) represents the current loading step and ( 1i − ) is the previous loading 

step. After obtaining the shear strain increment d  , the volumetric strain increment v   is 

calculated using the following equation: 

v d pt d2
[1 exp( )]

p q
K A M d

K p
   

 
= − + − − − 

 
 (6.42) 

The incremental void ratio includes two parts, e.g., void ratio induced by the body deformation 

and fine particle volume loss caused by erosion, given: 

total erosion 
( ) ( ) (1 )

v
e e e  = + +

 
(6.43) 

After the above modifications, the simulation of the suffusion process can be easily implemented 

using numerical methods, with the computational flowchart shown in Figure 6.9. Here, ( )i  

represents the current time step, and ( 1)i −  refers to the previous time step. The governing 

differential equations can be solved using numerical methods (such as the finite difference 

method, FDM) in both time and space steps, with the main unknown variables being the soil 

displacement ( , )su tx  ( ( , )s tv x ), pore pressure ( , )wp tx , porosity ( , )t x , and the 

concentration of fluidized fine particles ( , )c tx . Other unknowns can be explicitly determined 
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from these variables. Based on the computational framework in Figure 6.9, an FDM program is 

developed in MATLAB for simulating the suffusion of unit cells. 

6.4 Validation and discussion 

The framework presented in Section 6.3 is highly suitable for conducting triaxial suffusion tests, 

which involve subjecting soil to constant stress while observing erosion processes. It is noticed 

that Chang et al. (2011, 2013b) conducted suffusion tests using an adapted stress-controlled 

erosion apparatus. The evolution of suffusion under complex stress states, as well as the soil 

stress-strain response subjected to suffusion, are presented in their study, which can be used to 

validate the numerical model in this study. 

6.4.1 Description of laboratory suffusion tests 

Chang and Zhang (2013a) performed downward seepage erosion experiments on HK-CDG soil 

samples (Figure 6.1) under varying hydraulic gradients. The experimental setup consisted of an 

enhanced triaxial loading apparatus, a variable-pressure water supply system, and a soil-water 

collection system, as depicted in Figure 6.10. An LVDT displacement gauge was integrated with 

the loading unit, enabling precise measurement of axial deformation. The base of the 

experimental apparatus was modified into a hollow structure to facilitate the passage of soil 

particles. The soil samples, cylindrical in shape with a diameter and height of 100 mm, were 

subjected to either isotropic compression or anisotropic stress conditions, where the principal 

stress aligned with the direction of seepage. Following consolidation under isotropic pressure, 

axial compression was progressively applied to simulate the anisotropic stress states. Upon 

completion of the loading phase, a seepage flow, parallel to the principal stress of the sample, 
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was introduced through a water supply system connected to the triaxial apparatus. The applied 

water pressure followed a non-uniformly varying pattern. As is illustrated in Figure 6.11, each 

stage of the hydraulic gradient within the sample lasts 10 mins, and the increase magnitude is 

0.15 m/m for m1.0 / mi  , 0.25 m/m for m1 m.0 m 2/m /.0 i  , and 0.50 m/m for m2.0 / mi  . 

For each gradient level, the hydraulic pressure was increased within the first 2 mins and then 

kept constant for the following 8 mins to ensure there was no more soil loss. Throughout the 

suffusion process, the external stress remained constant, while the weight of the eroded mass and 

the outflow rate were continuously monitored. Figure 6.12 presents the deformation of the 

sample before and after suffusion. 

 

Before simulating the experiment using the numerical model proposed in Section 6.3, it is 

essential to calibrate the parameters involved in the model, which include soil physical 

parameters (e.g., 
s ， f ，

0k ，
km   in Eqs.(6.16) and (6.17)), mechanical parameters (e.g.,

c0 0, , , , , ,p d dK G n n d A   in Eqs.(6.31)-(6.32), (6.34)-(6.35) and (6.39)), CSL-related parameters 

( ,a   , , 0 th , 0, ,, , ,hc cr hf cr de f e m R  in Eqs.(6.33) and (6.40)), and erosion-related parameters 

( 1 2 3, , , , , , ,e e e e fca b c L L L v  in Eqs.(1)-(2)). The direct method to determine the necessary 

parameters involves conducting triaxial shear tests for mechanical parameters and CSL 

parameters, as well as triaxial suffusion tests for erosion-related parameters. However, in this 

study, these experiments were not conducted and instead referenced from existing literature. The 

soil physical parameters can be directly obtained from the values provided in the experiments. 

The mechanical parameters can be determined by fitting the stress-strain relationships reported 
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in the triaxial tests conducted by Chang and Zhang (2013b), as is shown in Figure 6.15(a) (Yang 

et al., 2020b). However, the determination of CSL-related parameters is more complex due to 

limited experimental data. Fortunately, Yin et al.(2014) have conducted a series of experiments 

on soil critical state for coarse-fine mixtures, which are similar to gap-graded soils, aligning well 

with the objectives of this study. Therefore, the CSL-related parameters are fitted using the 

results obtained by Yin et al. (2014). Figure 6.15(b) illustrates the fitting results compared to the 

experiments for CSL parameters. For the erosion-related parameters, they can be determined by 

fitting the mass loss results reported in the experiments. The erosion-related parameters are 

calibrated based on the results of the two groups labeled GS-C-1 and GS-C-5 in the experiments 

(Chang and Zhang, 2013a), where GS-C-1 represents erosion samples under 50kPa confining 

pressure, and GS-C-5 represents erosion samples under 50kPa confining pressure and 100kPa 

deviator stress. All calibrated parameter results are presented in Table 6.4.  

6.4.2 Comparison between simulations and experiments 

According to the previous calculation scheme and determined parameters, the simulation results 

are obtained and compared with the results from experimental samples 

 GS-C-1, GS-C-5, GS-C-6(Chang, 2012). The erosion tests for these samples were conducted 

with a confining stress of 50 kPa and deviatoric stresses of 0, 100, and 150 kPa, corresponding 

to stress ratios of 0 = , 1.2  and 1.5 , respectively. The results are shown in Figure 6.14. 

 

Figure 6.14(a) presents the cumulative eroded soil weights for these tests. It is clear that the 

eroded mass rises with the stress ratio, highlighting the substantial impact of stress state on 
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erosion. This trend can be attributed to the loss of fine particles, which triggers a reconfiguration 

of the soil microstructure. As a result, the soil transitions from an anisotropic state to an isotropic 

state (Zhou et al., 2022; Liu et al., 2023b). Therefore, a more pronounced initial stress anisotropy 

leads to a more intense particle adjustment, resulting in a greater amount of mass loss. The 

findings indicate that the proposed model effectively replicates the overall erosion evolution 

process, with the final eroded mass at the stable stage increasing in line with the stress ratio. 

Furthermore, it should be noted that for sample GS-C-1 under isotropic stress, the mass loss 

exhibits a sharp increase between Time=100-180 min, and the simulation results successfully 

capture this significant rise during the same time period. However, there are also noticeable 

discrepancies between the model and the experimental results for samples GS-C-5 and GS-C-6 

under anisotropic stress states. The model fails to accurately capture the turning point (i.e., 

critical gradient) that corresponds to the abrupt change in eroded mass. Specifically, the mass 

loss of sample GS-C-5 begins to increase rapidly around Time=200 min, whereas the model 

predicts this increase at around Time=120 min. This can be attributed to the fact that the 

numerical model employs the finite difference method, treating the soil as a representative 

elementary volume without accounting for spatial inhomogeneity. In contrast, experimental soil 

samples inherently exhibit variations in void ratio and fine content, leading to deviations from 

the model predictions. 

 

Figure 6.14(b) illustrates the evolution of hydraulic conductivity. It is observed that after erosion 

occurs, the permeability of the soil increases as the particles decrease. Experimental findings 
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indicate that after reaching its peak, the permeability decreases during the later stages of 

suffusion. When comparing with numerical models, the proposed model in this study accurately 

predicts the growth process of permeability and the peak values under different stress conditions. 

However, unlike the experiments, the model-calculated permeability maintains a nearly constant 

value after reaching the peak, without exhibiting a decrease. This discrepancy can be attributed 

to the occurrence of local clogging within the specimens. In actual seepage processes, fine 

particles can be lost through the pores of the soil skeleton, but they can also undergo self-

filtration, leading to the aggregation of fine particles within the pores and reducing local 

permeability. Unfortunately, the numerical model does not consider the heterogeneity of the 

specimens, thus is unable to account for local clogging phenomena or accurately reflect the 

decrease in permeability observed during the later stages of erosion. 

 

Figure 6.14(c)-(d) depict the axial and radial strain induced by erosion. It is observed that soil 

deformation becomes more pronounced with increasing stress ratio. In general, the proposed 

model effectively captures both the rapid deformation phase and the subsequent stable stage of 

soil. However, it should be noted that there are still discrepancies observed for certain samples, 

such as sample GS-C-5. There are two main reasons for this discrepancy. Firstly, the parameters 

related to mechanical behavior in the model were fitted from a similar study, rather than directly 

from HK-CDG data, due to the lack of available data. This difference in parameter selection 

could affect the model's ability to accurately estimate the strains. Secondly, in the erosion tests, 

the stress state was maintained constant throughout, implying that the strains are solely 
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influenced by the eroded particles. As mentioned earlier, there are differences in the cumulative 

mass loss results between the model and experiments. Consequently, the strains predicted by the 

model also exhibit slight variations compared to the experimental data. 

 

It is worth mentioning that Yang et al.(2020b) have also made a try to incorporate the influence 

of shear stress into the erosion law proposed by Uzuoka et al.(2012). Therefore, Figure 6.15 

compares the erosion law proposed in this study with the one proposed by Yang et al and Uzuoka 

et al. The results show that under zero stress ratio, both models yield similar calculations. 

However, Uzuoka et al.'s model can not estimate the results for anisotropic stress conditions, and 

the accuracy of Yang et al.'s model diminishes under high stress ratios. It becomes challenging 

for their model to adequately capture the differences in cumulative mass loss and variations in 

permeability coefficient between the two groups of models, i.e., 1.2 =  and 1.5 = . 

Furthermore, it can be observed that all these models suffer from the same limitation of not 

considering particle clogging effects and non-uniformity. Consequently, there are discrepancies 

between the model predictions and experimental data regarding changes in the hydraulic 

permeability coefficient during the later stages of erosion. This highlights the need for 

improvement in future models to better account for these factors. 

6.5 Influence of soil initial state on suffusion response 

The above analysis indicates that the erosion law proposed in this paper based on CFD-DEM, as 

well as the established seepage-erosion-mechanics coupling method, can effectively simulate 
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suffusion within the framework of continuum mechanics. On this basis, a series of erosion 

simulations is carried out in this section to explore the impact of various influencing factors.  

 

Figure 6.16(a) depicts the mass loss of soils with different void ratios 0e , revealing that denser 

samples exhibit lower mass loss under the same stress conditions. In the proposed model, the 

direct incorporation of void ratio into the erosion law is not employed. Instead, void ratio is 

considered in the calculation of CSL, mechanical stiffness, and hydraulic velocity. A higher void 

ratio results in increased hydraulic conductivity and, consequently, a larger seepage velocity 

under the same input gradient. Additionally, the influence of soil friction angle is investigated 

and presented in Figure 6.16(b). It is observed that a higher friction angle leads to increased 

resistance to erosion. In addition, as the friction angle increases, mass loss gradually decreases. 

At smaller friction angles, soil samples undergo greater deformation at the same stress level, 

leading to a sudden surge in mass loss. For example, in the case of 33c = , mass loss increases 

sharply at T = 200min. Figure 6.16(c) illustrates the impact of initial fines content 0cf  on 

suffusion, revealing that it not only affects the final mass loss but also influences the erosion 

development process. The cumulative mass loss increases with higher fines content. Moreover, 

as fine content increases, the soil transitions from an underfilled to an overfilled state, causing 

fine particles to participate in more stress transfer and consequently exhibit greater erosion 

resistance. As a result, samples with higher fines content initiate suffusion at a relatively later 

stage compared to those with lower fines content, demonstrating that greater hydraulic gradients 

are required to induce particle migration in overfilled soils. Finally, Figure 6.16(d) investigates 
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the influence of size ratio dR , which is defined as the ratio of coarse to fine particle sizes. The 

results obtained demonstrate that the current hydromechanical coupling model effectively 

captures the mass loss variations corresponding to different size ratios. Specifically, as the size 

ratio increases, the mass loss also exhibits an increasing trend. Xie et al. (2023) also noted that 

the larger the size ratio, the less contribution is made by the fine particles in bearing forces. 

Consequently, the resistance to erosion decreases, leading to higher mass loss. 

6.6 Soil mechanical response subjected to suffusion 

Previous studies (Ke and Takahashi, 2014c; Qian et al., 2021a) have reported variations in soil 

strength subsequent to suffusion. In this section, drained triaxial tests are simulated on pre- and 

post-suffusion samples to investigate the effect of soil strength by erosion using existing models. 

Samples with different initial void ratios and fine contents were selected and subjected to shear 

tests. Figure 6.17(a) illustrates the relationship between shear stress and axial strain before 

erosion. The results show that as the initial porosity decreases, the stress-strain behavior 

transitions from hardening to softening. This shift corresponds to a change in volume strain from 

dilation to contraction, as depicted in Figure 6.17(b). Following seepage erosion, the strength of 

specimens with different initial porosity ratios exhibits distinct variations. For initially dense 

specimens 0( 0.43,0.45, and 0.47)e = , the peak strength significantly decreases, and the stress-

strain behavior shifts from softening to hardening. For example, the peak strength of a sample 

with an initial porosity ratio of 0.43 is approximately 330kPa before sufusion, but decreases to 

around 230kPa after sufusion. Additionally, no shear expansion behavior is observed in the 

porosity changes of these samples after suffusion. Conversely, for initially loose specimens
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0( 0.49)e = , the peak strength increases after seepage erosion, and the changes in porosity show 

slight shear expansion. The different changes in sample strength can be attributed to the fact that 

while seepage erosion increases the soil's void ratio and reduces its strength, for gap-graded soils, 

when the fine content drops below a critical threshold (typically around 35%), the reduction in 

fine content actually enhances soil strength due to the greater load-bearing capacity of coarse 

particles (Shire et al., 2014; Yin et al., 2014; Taha et al., 2019). Thus, it can be concluded that 

initially dense specimens are more strongly affected by increased porosity, leading to reduced 

strength, while initially loose specimens are more influenced by reduced content, resulting in an 

increase in strength. 

 

In addition, Figure 6.18 further investigates the mechanical response of samples with different 

initial fine contents 0cf . Prior to suffusion, it is observed that the soil strength decreases with an 

increase in 0cf  when 0cf <35%, whereas it increases with an increase in 0cf  when 0cf >35%. Such 

non-linear variation corresponds well with previous studies (Shire et al., 2014; Yin et al., 2014; 

Taha et al., 2019). Following erosion, the initially dense sample ( 0 15%, 25%, and 50%cf = ) also 

displays a reduction in strength, whereas the initially loose sample ( 0 35%cf = ) exhibits a slight 

increase in strength.  

6.7 Summary 

In this study, a novel erosion law has been proposed based on simulation results obtained from 

coupled CFD-DEM models. The erosion law takes into account both hydraulic conditions and 

soil stress states. Subsequently, it was integrated into a four-constituent continuum model, 
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coupled with a critical state-based fines-dependent constitutive model, enabling the realization 

of hydromechanical modeling of gap-graded soils with suffusion. To validate the proposed 

erosion with the framework, a series of erosion tests was simulated and compared with 

experimental data. Furthermore, the model was utilized to investigate the influence of significant 

factors on suffusion evolution and the subsequent variation in soil strength. The key findings and 

conclusions are summarized as follows: 

(a) According to the CFD-DEM simulations, an exponential model is found appropriate to 

represent the evolution of mass loss induced by suffusion for samples under different seepage 

velocities, mean stress and shear stress ratios. By a set of appropriate parameters, the 

experimental observation can be well captured using the proposed erosion model; 

 

(b) The established hydromechanical model achieves a two-way coupling between erosion and 

soil mechanical behavior. It incorporates the influence of stress on erosion through the erosion 

rate, while also accounting for the impact of erosion on stress through the fine content-related 

critical state theory. As a result, this framework effectively captures the essential characteristics 

of specimens subjected to various stress states and hydraulic conditions during suffusion; 

 

(c) The current framework effectively showcases the influence of multiple factors on suffusion 

phenomena, underscoring its wide applicability in the field of suffusion analysis. Moreover, it 

successfully captures the variations in soil mechanical response resulting from suffusion. 

Drained triaxial tests reveal that erosion has a detrimental impact on the initial dense soil sample, 
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leading to a reduction in soil strength. Conversely, for the initial loose sample, erosion exhibits 

a subtle enhancement in peak strength. 
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Table 6.1 Summary of model parameters 

Model parameters   

DEM Young’s modules, E 75 10  

 Poisson’s ratio,   0.3 

 Friction coefficient, 
c  0.3 

 Rolling friction coefficient, 
r  0.1 

 Time step (s) 72 10−  

 Density, 
s (kg/m3) 32.65 10  

CFD Fluid viscosity,  (Pa·s) 31 10−  

 Density, f (kg/m3) 31 10  

 Cells (mm) 1.2 1.2 1.2   

 Time step (s) 32 10−  

Table 6.2 Summary of simulation samples 

No. 
i 

(m/m) 

p 

(kPa) 

  

(q/p) 

Initial void 

ratio e0 

Initial hydraulic 

conductivity k0 (cm/s) 

Simulation 

time (s) 

1 2 50 0 

 

0.335 

 
32.10 10−  

8.5 

2 3 50 0 8.5 

3 4 50 0 8.5 

4 8 50 0 8.5 

5 12 50 0 8.5 

6 4 100 0 0.332 32.11 10−  8.5 

7 4 150 0 0.328 32.11 10−  8.5 

8 4 200 0 0.326 32.16 10−  8.5 

9 4 50 0.3 0.321 32.06 10−  8.5 

10 4 50 0.5 0.325 32.05 10−  12 

11 4 50 0.75 0.335 32.12 10−  12.5 

Table 6.3 Parameters of the mass loss ratio model 

Soil   a  b  c  0m  
1k  

2k  
3k  fcv

(cm/s) 

refp

(kPa) 

HK-CDG in this study 178.5 0.75 0.2 1 18.7 -0.15 0.4 8.3 0.8 50 

Liang et al. (2017b) 32 1.5 -0.4 1 17 0.12 0.98 -20 0 20 
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Table 6.4 Parameters used in the hydramechanical model 

Physical 

properties of 

HK-CDG soil 

Density of fluid  f  1.00g/cm3 

Density of soil  
s  2.65g/cm3 

Kinematic viscosity of 

fluid k  6 25.0 10 /m s−  

Initial fines content  0cf  0.35 

Initial permeability  
0k  57.5 10 /m s−  

Pore geometry 

index 
km  4 

Initial void ratio  0e  0.53 

 Mechanical 

constants of 

HK-CDG 

mixture 

Elastic 
parameters 

0K  50MPa 

0G  16.7MPa 

n 0.95 

pn  1 

dn  1 

Dilatancy 
parameters 

d 18 

dA  0.35 

CSL-related 
parameters 

, 0hc cre  0.776 

, 0fc cre  0.87 

  0.45 

  0.03 

a  0.751 

m  0.474 

c  40.5 

Erosion model 

parameters 

Erosion rate 

controlling parameters 

e  1 

ea  0.87 

eb  -1.5 

Final mass loss 

controlling parameters 

0m  3.84 

ec  8 

1L  -0.05 

2L  0.7 

3L  -0.4 

fcv  4.2 /cm s  
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Figure 6.1 Grain-size distribution of soils in this study and experiment 

 

Figure 6.2 Illustration of CFD-DEM model 
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(a) (b) 

 

 

(c)  

Figure 6.3 Fine particle mass loss ratio for samples under different: (a)confining pressure; (b) hydraulic 

gradient; (c) stress ratio 

  
(a) (b) 

 

 

(c)  

Figure 6.4 The fitting curve of ultimate mass loss ratio for different: (a) seepage velocity; (b) confining 

pressure; (c) stress ratio 
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(a) (b) 

 

 

(c)  

Figure 6.5 Fitting results of mass loss ratio versus time for cases under different: (a) seepage velocity; (b) 

confining pressure; (c) stress ratio 

 

Figure 6.6 PSD of soils and suffusion samples in the study of Liang et al.(Liang et al., 2017b) 
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Figure 6.7 Comparison of results from experiments and fitting 

 

   

(a)  (b) (c) 

Figure 6.8 Simplified modeling of saturated soils: (a) Mesoscale REV; (b) two-constituents continuum 

model; (c) four-constituents continuum model 
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Figure 6.9 Seepage-Erosion-Mechanics coupling calculation flowchart 

  
(a) (b) 

  

  
(c)  (d)  

Figure 6.10 Triaxial Seepage Erosion Testing Equipment(Chang and Zhang, 2011): (a) Triaxial tesing 

system; (b) Water supply system; (c) Soil collection system; (d) Water collection system 
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Figure 6.11 Hydraulic gradient applied during suffusion tests. 

  

Figure 6.12 Deformation of specimen before and after suffusion (Chang and Zhang (2013b)) 

  
(a)  (b)  

Figure 6. 13 Determination of simulation parameters: (a) Determination of mechanical parameters; (b) 

Determination of CLS parameters 
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(a) (b) 

  
(c) (d) 

Figure 6.14 Comparison between experiments and numerical simulations: (a) cumulative mass; (b) evolution 

of hydraulic conductivity; (c) axial strain; (d) radial strain 

  
(a) (b) 

Figure 6.15 Comparison of different erosion laws: (a) Eroded soil mass; (b)Hydraulic conductivity 



 

CHAPTER 6 CFD-DEM-BASED CONTINUUM MODEL FOR SEEPAGE-EROSION-MECHANICS COUPLING 

198 
 

  
(a) (b) 

  
(c) (d) 

Figure 6.16 Cumulative mass loss for sample with different (a) void ratio; (b) friction angle; (c) fine content; 

(d) size ratio 

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

Figure 6.17 Results of drained triaxial tests for samples with different void ratios before and after erosion: 

(a,c) deviatoric stress versus axial strain; (b,d) void ratio versus axial strain 

 

 

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

Figure 6.18 Results of drained triaxial tests for samples with different fine contents before and after erosion: 

(a,c) deviatoric stress versus axial strain; (b,d) void ratio versus axial strain. 
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CHAPTER 7 FINITE ELEMENT SIMULATION OF INTERNAL 

EROSION IN LARGE-SCALE DAMS BASED ON ABAQUS 

7.1 Introduction 

In Chapter 6, an erosion law based on CFD-DEM simulations is proposed, and a hydro-

mechanical coupling framework is established, enabling the simulation of seepage 

erosion in the soil representative element volume within the continuum mechanics 

theory. To address the limitations of CFD-DEM methods, which are constrained by 

computational resources and cannot be applied to large-scale engineering problems, 

this chapter builds upon the research in Chapter 6 to further investigate numerical 

studies of suffusion at the engineering scale. To achieve this, the mass balance equations 

incorporating the proposed erosion law, along with the fines-dependent critical state 

constitutive model, are implemented into the ABAQUS finite element platform through 

its User Defined Element (UEL) subroutine. Finally, a case study of a dam engineering 

boundary value problem is presented, simulating the evolution patterns of suffusion in 

large-scale engineering models. 

7.2 Hydro-mechanical coupling governing equations 

The implementation of hydro-mechanical modeling for suffusion is achieved through 

the mass balance equations and stress balance equations. According to porous medium 

theory, the stress balance equations are given by: 

, 0ij i iw =−  (7.1) 

where ij  represents the stress tensor ( , 1,2,3i j = ), iw  refers to the volumetric stress of 
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the soil.  

 

Eqs. (7.1) and Eqs. (6.11)-(6.14) together form the governing equations for the hydro-

mechanical coupling of suffusion, as follows: 

, 0ij i iw =−  (7.2) 

( ) ( )div div 0w sq + =v  (7.3) 

( ) ( )div div ˆ
s s n

t





− + − =


v v  (7.4) 

( ) ( )
( )

div div ˆ
w s n

c
cq c

t





+ =


−+ v  (7.5) 

( )grad
( )

w w

k

k
q p

c 
= −  (7.6) 

( ) ( )
( ) ( )iv i ˆd d v

c c

c s c s

f f
nf f

t t




 
− + − =

 
v v  (7.7) 

The unknowns to be solved in the equations include the displacement of the soil 

( ( , )su tx ), pore water pressure ( ( , )wp tx ), porosity ( ( , )t x ), concentration of the fluid-

like fine particles ( ( , )c tx ), and fluid velocity ( ( , )wq tx ). Other unknowns involved in 

the equations, such as fine content ( cf  ), mixture density ( ( )c  ), permeability 

coefficient ( k  ), and soil skeleton velocity ( sv  ), can be directly solved using the 

following equations:  

( )( )( )0 01 1 1
1

1

v c

c

f
f

 



+ − −
= −

−
 (7.8) 

(1 )s fc c  = + −  (7.9) 

1

2
0

(1 )

k

k
k k




=

−
 (7.10) 

s
s

u

t


=


v  (7.11) 

where v   represents the volumetric strain of the soil, 0   and 0cf   denote the initial 

porosity and initial fine content, respectively. s  and f  are the densities of the soil 
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particles and the fluid, respectively. 0k  is the initial permeability coefficient, and 1k  

and 2k  are constants related to the soil. Since cf  can be explicitly solved, Eqn (7.7) 

does not need to be considered as a separate governing equation, thus simplifying the 

calculations. Based on this, the erosion law derived from CFD-DEM in the previous 

chapter is substituted into Eqs. (7.2)-(7.6), resulting in the final governing equation as 

follows: 

, 0ij i iw =−  (7.12) 

( ) ( )div div 0w sq + =v  (7.13) 

( ) ( ) 0div div ( / ) ( ) 0eea b

e refs s w e cp p m m fq
t


  


− −+ − − =


v v  (7.14) 

( ) ( ) 0i ( / ) ( ) 0
( )

div d v e eb

e ref ew s c

a

w

c
cq c q p p m m f

t


 


+ + −+ =


v  (7.15) 

( )grad
( )

w w

k

k
q p

c 
= −  (7.16) 

7.3 The derivation of the finite element form of the governing equations 

To solve for the unknowns in the given equations, the ABAQUS User-Defined Element 

(UEL) is employed, enabling the implementation of nonlinear finite elements with user-

defined degrees of freedom. Yang (2019) developed an 8-node plane strain element in 

the UEL. The calculation of displacement ( , )su tx  is based on quadratic interpolation 

with 8 nodes, while the calculations of the other four variables ( ( , )t x ( , )c tx ( , )wq tx

( , )wp tx ) are based on linear interpolation with 4 nodes, as shown in Figure 7.1. The 

variables have been discretized spatially and expressed in terms of their nodal values 

as follows: 

2 1 1 1 1, , , ,s s w w wu p c q= = = = =N u N p N N c N qw  (7.18) 
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where 1N  and 2N  represent the order 1 and order 2 shape functions, respectively. By 

integrating the shape functions with the above partial differential equation, the Galerkin-

weighted residuals can be obtained as follows:  

t t t

1 2 2 2
V V S

dV dV dSR w = − −  B σ N N  (7.19

) 

( )1 2 1t t t t t t t

2 1 1 1 1 1 1 1 1
V

t t t

1 2 1
V S

dV
(1 )

       dV dS

s f

w w w

k

s
n

k k kk
R

u
v

t

 


    

−+ − 
= − − + − 

− 


+ +





 

B B p N p B B N p B B c

N m B N

 
(7.20

) 

0

t

3 1
V

t t t

1 2 1 2
V

( / ) dV

( 1) grad( ) dV

( )e ea b
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s

ew re

s

R p p
t

u u

t

m

t

m f




 



   
= −    

  
+ − +  

−







N q

N m B N N

 
(7.21

) 

t

4 1
V

t t t

1 1 2
V

t t

1 2 1 2

0

V
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( / ) dV

grad( ) ( ) dV

grad( ) grad( ) dV

( )e ea b
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e c
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u
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t

u u
c

t t






 



   
= −    

 
+ + −  

  
+ +  

−









N q

N q N m B

N N N N

 
(7.22

) 

t t

5 1 1 1
V

dVk
w wR

k

  
=  


+


 N q N B p  

(7.23

) 

where 1B  and 2B  are the spatial derivatives of the shape functions 1N  and 2N , 

respectively. 

 

In ABAQUS UEL, the Newton method is used to solve the nonlinear system of 

equations. The general computational format for each iteration step is as follows: 
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w

 (7.24) 

where, (m) represents the iteration counter. The first matrix on the left-hand side is the 

Jacobian stiffness matrix, which consists of the partial derivatives of the Galerkin-

weighted residuals. Taking the partial derivatives of the residual function yields the 

following: 

t1
2 2

V
dV

s

R

u


=

  B DB  (7.25) 

t1
2 1

V
dV

w

R

p


= −

  B mN  (7.26) 

t t2
1 1

V

1
dV

s

R

u t


=

  
N m B  (7.27) 

( )1 2 1t t t t

1 1 1 1 1
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 (7.29) 
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t t t3
1 2 1 2

V

( 1) 1
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u t t




 − 
= +    
 N m B N N  (7.31) 
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t t t

   
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a f f f p p
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1 1
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dVk

w

R

q k

   
=    
 N N  (7.41) 

It should be noted that due to the complexity of the entire solution system, and to ensure 

convergence of the program, the previously mentioned erosion law has been simplified. 
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From Eqs. (6.21) and (6.2), it can be seen that the complete erosion law consists of the 

following two parts: 

0
ˆ ( / ) ( )e ea b

e f ref e cn v p p m m f = −  (7.42) 

1 2

0

3

exp( / ( / ) )

1 exp( ( ))

ec

ref p

f fc

L p p L M
m m

L v v




+
=

+ −
 (7.43) 

Eqn. (7.43) represents the prediction of the final cumulative fine particle loss, while 

( )em m − in Eqs. (7.42) represents the proportion of remaining erodible fine particles 

within the element. To avoid the complexity of deriving Eqn. (7.43) and creating an 

overly complicated Jacobian matrix, ( )em m −  is substituted for ( )c rhsf f−  in 

equation (7.42) to simplify the computation, where the residual fine content, rhsf , is a 

constant parameter. Based on this simplification, the non-linear equations can be 

written in a compact form as required by ABAQUS UEL: 

N =AMATRX d RHS  (7.44) 

where AMATRX  is the Jacobian stiffness matrix composed of the partial derivatives 

(Eqs. (7.25)-(7.41)), RHS  is the residual the residual nodal fluxes or forces defined in 

the subroutine, and dN  is the nodal vector of degrees of freedom. 

7.4 Simulation of internal erosion in dams 

In order to study the internal erosion at an engineering scale, this study establishes a 

two-dimensional foundation-dam model under plane strain conditions using the 

proposed analysis framework, as shown in Figure 7.2. The model is based on a real-

world engineering case of a dam built on a sandy-silt alluvium formation over karstic 

limestones (Rafid, 2016), where a confined aquifer exists below the limestone layer. 

When there is a difference in the water levels between the alluvial layer and the 
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confined aquifer, seepage will induce internal erosion. The established numerical model 

has a total length of 34m and a total height of 10.5m, with the dam portion having a 

height of 6m and the foundation portion having a height of 4.5m. For convenience in 

calculation, the model uses a symmetric half-model, containing 104,654 UEL elements 

and 14,301 nodes. The symmetric plane (x = 0 m), the bottom plane (y = 0 m), and the 

right boundary (x = 34m) are all fixed boundaries and impermeable. Seepage points are 

simulated by setting nodes with a high permeability coefficient at the foundation bottom. 

This chapter only considers the loss of fine particles, with the initial fine content in the 

soil set to 0.4. From previous simulations, it is known that a significant portion of the 

fine particles within the element cannot be eroded by seepage flow. Therefore, a 

residual fine content rhsf  of 0.2 is specified. When the fine content within the element 

decreases from 0.4 to 0.2, the mass exchange rate becomes 0, and the element no longer 

experiences further particle loss. The parameters involved in the calculations are shown 

in Table 7.1, with the mechanical-related parameters referenced from the study of Yang 

et al. (2020a).  

7.5 Results and discussion 

Figure 7.3 shows the variation in fine content c
f  with the duration of suffusion. It can 

be observed that by the 150th day, the soil area with reduced fine content extends from 

the seepage point to the dam slope. As the duration of erosion increases, the area with 

reduced fine particle content further expands. Centred on the seepage point, the soil 

range with the lowest fine content ( 0.2
c

f = ) expands outward in a semicircular pattern. 
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By days 300 and 350, the content on the slope gradually stabilises, but the soil areas 

with the lowest fine content continue to expand outward from the seepage point.  

 

Figure 7.4 shows the development of soil displacement. It can be observed that by the 

150th day, the soil has not undergone significant displacement deformation. As the 

erosion time increases, displacement subsidence begins to appear on the slope surface 

by day 250. By day 350, significant soil displacement is observed across the dam slope, 

with the maximum displacement occurring at the toe of the slope. At this point, internal 

erosion has triggered a severe landslide disaster.  

 

Figure 7.5 further illustrates the variation in fine content and displacement at specific 

node locations (slope crest, slope toe, and seepage points). It can be observed that, 

during suffusion, fine loss occurs rapidly near the seepage points. Compared to the 

slope crest, the slope toe responds to erosion earlier, and the erosion rate at the slope 

toe is also greater than that at the slope crest. By approximately 320 days, the fine 

content at both the slope crest and slope toe reaches a stable phase, with little to no 

further particle loss occurring thereafter. The node displacements shown in Figure 7.5(b) 

indicate that displacement development exhibits significant nonlinearity. Soil 

deformation becomes noticeable only after approximately 200 days, after which it 

enters a rapid development phase. Compared to the slope toe, displacement at the slope 

crest is greater. Comparing the changes in fine content and displacement at the same 

locations also reveals a noticeable lag in displacement development. For example, 
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around the 150th day, particle loss occurs at the slope toe, leading to a decrease in fine 

content, but the displacement at this location is nearly zero. It is only around the 300th 

day that deformation begins to appear at the slope toe. 

 

Figure 7.6 shows the development of shear strain with erosion time. It can be observed 

that by the 150th day, a shear zone forms only near the seepage point. However, 

according to Eqn. (6.40), the reduction in fine content leads to a decrease in the critical 

state void ratio 
0ce  of the soil, making it more prone to failure. As a result, by the 250th 

day, two continuous shear zones have formed within the soil: one connecting the 

seepage point to the slope toe and the other connecting the seepage point to the slope 

crest. As internal erosion progresses further, a landslide begins to occur on the 

embankment. From the shear strain distribution at day 350, an arcuate failure surface 

can be clearly observed, indicating that the embankment has failed at this point. 

7.6 Summary 

Based on the secondary development of the ABAQUS UEL, this chapter establishes a 

numerical analysis framework for the hydro-mechanical coupling of internal erosion. 

Using the mass balance and stress balance governing equations, an 8-node plane strain 

element is developed, and the Jacobian stiffness matrix for finite element solving is 

derived. The solution of the governing equations is then implemented in ABAQUS. 

Through the plane strain finite element analysis of the dam on an engineering scale, the 

effect of internal erosion on the dam's mechanical response is investigated. The main 
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research conclusions are as follows: 

(a) Through the secondary development of ABAQUS UEL, the erosion law from CFD-

DEM is integrated into the governing equations for seepage-erosion-mechanics 

coupling, where the displacement field is solved using second-order shape functions, 

while the solutions for other field variables are obtained using first-order shape 

functions. 

 

(b) Finite element analysis results show that when suffusion occurs in the foundation, 

the eroded area gradually expands from the seepage point to the dam slope. The farther 

from the seepage point, the slower the rate of fine particle loss. Corresponding to the 

change in fine content, the surface settlement exhibits significant nonlinearity and 

hysteresis.  

 

(c) Suffusion causes an increase in the critical porosity and a corresponding decrease in 

the critical strength of the soil. During the progressive erosion process, plastic shear 

strain initially concentrates near the seepage point, then the shear zone gradually 

develops and eventually extends to the top and bottom of the slope, resulting in overall 

landslide failure. 
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Table 7.1 The parameters of the numerical model 

Physical properties  

Density of fluid  
f  1.00g/cm3 

Density of soil  
s  2.65g/cm3 

Kinematic viscosity of fluid k  6 25.0 10 /m s−  

Initial fines content  0cf  0.4 

Initial permeability  
0k  57.5 10 /m s−  

Permeability parameters  1k  3 

Permeability parameters 2k  2 

Initial void ratio  0e  0.6 

Mechanical constants of HK-CDG 

mixture 

Elastic 
parameters 

0K  50MPa 

0G  16.7MPa 

n 0.95 

pn  1 

dn  1 

Dilatancy 
parameters 

d 18 

dA  0.35 

CSL-related 
parameters  

, 0hc cre  0.805 

, 0fc cre  1.03 

  0.19 

  0.081 

a  0.751 

m  0.474 

c  40.5 

Erosion model parameters 
Erosion rate controlling 

parameters 

e  71.1 10−  

refp  30kPa 

ea  2 

eb  0.5 

 

Figure 7.1 8-node plane strain element 
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Figure 7.2 Diagram of FEM numerical model 

  

 

(a)  (b)  

  
(c)  (d)  

Figure 7.3 Variation of fine content 
cf  during erosion : (a) Day=150; (b) Day=250; (c) Day=300; 

(d) Day=350 

  

 

(a) (b)  

  
(c)  (d)  

Figure 7.4 Variation in soil displacement during erosion (m) (Deformation amplification factor 

=250): (a) Day=150; (b) Day=250; (c) Day=300; (d) Day=350 
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(a)  

 
(b)  

Figure 7.5 Changes in fine content and displacement at element nodes during erosion: (a) Fine 

content; (b) Displacement 

 

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

Figure 7.6 Variation in shear strain during suffusion: (a) Day=150; (b) Day=250; (c) Day=300; (d) 

Day=350 
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CHAPTER 8 FINDINGS, CONCLUSIONS, AND 

RECOMMENDATIONS 

8.1 Findings and conclusions 

This study investigates internal erosion in sandy soils using a multiscale approach that 

integrates CFD-DEM and FEM methodologies. Within the framework of discrete 

media mechanics, the microscale CFD-DEM model was developed to investigate the 

effects of stress anisotropy and soil fabric anisotropy on erosion evolution. 

Subsequently, a mesoscopic CFD-DEM-FEM model was developed for tunnel seepage 

erosion simulations, examining the migration of particles and the mechanical response 

of the structure under varying operational conditions. To achieve the large-scale 

simulations for erosion in engineering problems, a stress-dependent erosion law was 

formulated based on CFD-DEM simulation results. This law was incorporated into a 

four-constituent porous media theory and integrated with an erosion-related constitutive 

model, thereby establishing a unified computational framework for coupled seepage-

erosion-mechanics analysis. Further, the framework was implemented in ABAQUS 

through secondary development of a UEL subroutine, enabling simulations of internal 

erosion in foundation-dam systems. This approach successfully achieved a cross-scale 

linkage from microscopic particle interactions to macroscopic engineering behavior.  

 

The main findings and recommendations for future research are summarized in the 

subsequent sections. 
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8.1.1 Effect of initial stress anisotropy on suffusion 

The influence of stress anisotropy on soil erosion behavior was investigated at the RVE 

scale. Through CFD-DEM simulations, it was found that, compared to the initial 

isotropic stress state, samples with initial stress anisotropy experienced a significant 

increase in final mass loss. As particle loss occurred, the degree of initial stress 

anisotropy gradually decreased, approaching an isotropic state. The underlying 

microscopic mechanism can be attributed to the formation of a stable spatial isotropic 

stress structure. The turning point of the mass loss curve, along with the turning point 

on the particle surface velocity curve, could be used to define the critical hydraulic 

gradient. It was observed that the critical hydraulic gradient under the triaxial tension 

stress state was closer to that under the isotropic stress state but lower than that under 

the triaxial compression stress state. The microscopic mechanism behind this can be 

attributed to the alignment of the strong force chain network with the main direction of 

seepage in the triaxial compression stress state, which increased resistance to particle 

migration. Meanwhile, after applying seepage, the response of the coordination number 

under triaxial extension and isotropic compression stress states was greater than that 

under the triaxial compression stress state. This led to more fine particles detaching 

from coarse particles, resulting in a lower critical hydraulic gradient compared to 

triaxial compression.  
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8.1.2 Effect of initial fabric anisotropy on suffusion 

The influence of natural sandy soil fabric anisotropy was investigated at the RVE scale 

through CFD-DEM simulations. The results demonstrated that as the bedding angle 

increased, the hindering effect of the coarse skeleton on fine particle migration 

diminished, resulting in greater mass loss in anisotropic soils. Meanwhile, both particle 

loss and soil strain increased as the bedding angle increased. Suffusion also led to an 

increase in the spatial distribution unevenness of fine particles, manifested as localized 

over-erosion and clogging of fine particles. During erosion, the compaction of coarse 

and fine particles changed differently. Fine particles became looser due to particle loss, 

while coarse particles became denser due to the increased external forces acting on 

them. Compared to the average void ratio, distinguishing between the void ratio in fine 

particles and that in coarse particles better reflected the changes between different 

components of gap-graded soil. Triaxial shear tests conducted on pre- and post-

suffusion samples revealed that peak strength decreased with larger bedding angles, 

and fine particle loss further reduced soil strength. The initially anisotropic samples 

showed reduced fabric anisotropy during shear, whereas initially isotropic samples 

developed increasing anisotropy. The CFD-DEM simulations successfully calibrated 

material constants for erosion laws, establishing a link between microscale mechanisms 

and macroscopic predictions. Notably, fabric anisotropy showed negligible influence 

on these erosion law constants, suggesting its effects could be reasonably neglected 

when developing a new erosion law. 
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8.1.3 Soil-water-structure seepage erosion model 

Internal erosion in tunnels was investigated at the meso-scale through a coupled CFD-

DEM-FEM model. The results revealed that the evolution of seepage erosion could be 

classified into three modes based on tunnel crack width: stable mode, erosion-

convergent mode, and erosion-divergent mode. As the crack location shifted from the 

tunnel crown to the invert, the amount of soil mass loss gradually decreased, with the 

least loss occurring when the crack was located at the bottom of the tunnel. Additionally, 

soil mass loss increased with both tunnel burial depth and rising groundwater levels. 

 

In the early stages of seepage erosion, particle loss led to the formation of a soil arch, 

which temporarily supported the overburden pressure. The presence of soil arches 

delayed surface settlement relative to the loss of soil mass. However, with continued 

particle migration, the soil arch experienced progressive failure, accompanied by 

increasing surface subsidence. Wider cracks and higher groundwater levels 

significantly accelerated soil collapse, making the ground more susceptible to sudden 

settlement. Tunnel seepage erosion also altered the internal stress transmission 

mechanisms within the soil. Initially, the eroded particles bore part of the soil pressure 

load. As the soil arch effect developed, stress was redistributed toward the soil on both 

sides of the crack, resulting in a non-uniform horizontal distribution of effective stress, 

characterized by stress relaxation at the crack location and stress concentration on either 

side.  
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Increasing crack width and elevated groundwater levels exacerbated tunnel 

convergence deformation and tensile stress. Greater burial depth further intensified the 

convergence deformation around the tunnel waist, leading to a pronounced tensile stress 

state. Although soil mass loss decreased as the crack shifted from the tunnel crown to 

the invert, the structural constraints of the tunnel hindered stress transmission, 

ultimately resulting in more significant tunnel convergence deformation and the 

formation of a broader tensile stress zone. 

8.1.4 Seepage-erosion-mechanics coupling framework 

Based on observations from CFD-DEM numerical experiments, an erosion law for soil 

was developed that accounts for the effects of seepage velocity and stress state. This 

erosion law was incorporated into a four-constituent medium framework to simulate 

suffusion in sandy soils. The results demonstrated that an exponential function model 

effectively captures the mass loss induced by erosion under varying seepage velocities, 

mean stress levels, and stress ratios. The coupling between seepage, erosion, and 

mechanical behavior was achieved through the integration of the erosion law with 

constitutive mechanical models. The mechanical response influenced erosion primarily 

by affecting the fine particle loss rate and total mass loss, while erosion in turn impacted 

the mechanical behavior by modifying the critical state line of the soil. 

 

The proposed framework successfully simulated mass loss evolution, deformation 

patterns, and permeability coefficient changes in representative element tests, with 
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validation results confirming the model's effectiveness. Parametric studies under 

different initial conditions showed the model's capability to capture mass loss variations 

with porosity, fine content, particle size ratio, and internal friction angle. Furthermore, 

mechanical response simulations showed that suffusion reduces the peak strength of 

initially dense specimens, while increasing the peak strength of initially loose 

specimens. 

8.1.5 ABAQUS simulations for internal erosion 

Based on a coupled seepage-erosion-mechanical numerical analysis framework, a 

continuum mechanics-based study was conducted to investigate suffusion in an 

engineering-scale dam. The framework was implemented through a user-defined 

element (UEL) subroutine in ABAQUS.  

 

The numerical results demonstrated that foundation suffusion initiates at the seepage 

point and propagates toward the dam slope, with fine particle loss rates decreasing with 

distance from the seepage source. Surface settlement exhibited marked nonlinearity and 

hysteresis corresponding to variations in fine particle content. Progressive erosion 

induced continuous soil displacement until failure, with particle migration and pore 

enlargement increasing the soil's critical void ratio while reducing its shear strength. 

The failure mechanism analysis revealed that plastic shear strain initially localized near 

the seepage point, followed by gradual development of shear bands propagating toward 

both the slope crest and toe, ultimately leading to global slope instability. 
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8.2 Recommendations for future studies 

This study presented a comprehensive multi-scale investigation of seepage-induced 

internal erosion in sandy soils, integrating microscopic and macroscopic analyses to 

establish fundamental erosion mechanisms and their engineering-scale consequences. 

However, some limitations exist, presenting opportunities for further development and 

improvement: 

 

⚫ While this study has systematically examined suffusion mechanisms through 

controlled single-factor analyses—such as stress anisotropy and fabric 

anisotropy—at small scales, the conclusions drawn under isolated conditions may 

be biased when multiple factors interact simultaneously. Future research should 

therefore focus on developing element-scale models that account for the coupled 

effects of multiple influencing factors to achieve a more comprehensive and 

realistic understanding of suffusion behavior. 

 

⚫ The mesoscale CFD–DEM–FEM framework developed in this study offers a 

simplified yet effective approach for investigating water–soil–structure 

interactions during seepage-induced erosion. However, it does not employ a fully 

bidirectional coupling scheme. The current implementation accounts for fluid–

particle interactions (CFD–DEM coupling) and the influence of the fluid–particle 

system on structural response (CFD–DEM to FEM), but it neglects the feedback 

effects of structural deformation on particle dynamics and fluid flow (FEM to 
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DEM–CFD). This limitation highlights the need for future research to develop a 

fully coupled interaction scheme, which would enable more accurate and 

comprehensive simulations of erosion processes, particularly in scenarios where 

structural deformations significantly affect both granular behavior and seepage 

patterns. 

 

⚫ Although the proposed seepage–erosion–mechanical framework demonstrates 

satisfactory performance in simulating erosion evolution, both the erosion model 

and the mechanical model involve a large number of parameters, many of which 

are difficult to determine and calibrate. Future work could focus on developing 

simplified erosion and mechanical models that require fewer parameters, while still 

maintaining acceptable accuracy in simulation outcomes. 

 

⚫ With regard to the erosion criterion, this study successfully incorporated the effects 

of varying seepage velocities, mean stresses, and deviatoric stresses. However, the 

current criterion does not account for sample heterogeneity or particle clogging 

effects. Future work should therefore aim to improve the erosion criterion by 

incorporating the influence of soil heterogeneity, enabling a more realistic 

representation of erosion processes in natural soils. 

 

⚫ The work presented in this study is primarily centered on numerical theory and 

simulations, with limited support from laboratory experiments. Although the model 



CHAPTER 8 FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS 

224 
 

validation was performed through comparisons with experimental data reported in 

the literature, additional validation is necessary for practical engineering 

applications. Future research should therefore consider conducting laboratory 

experiments specifically designed to correspond with the numerical simulations, in 

order to enhance the reliability and applicability of the proposed models. 
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