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𝐹𝑆𝑎𝑓𝑓,𝑖 = Saffman force, 

𝐹𝑚𝑎𝑔,𝑖 = Magnus force, 

𝑓𝑏𝑢 = static buoyancy force on the particle, 

𝑓ℎ𝑦𝑑
𝑝  = total hydrodynamic force (including the static buoyancy force) on the particle p, 

𝑓𝑓 = hydrodynamic forces on the particle without buoyancy force, 

𝑓𝑔
𝑝 = gravitational force on the particle 𝑝, 

𝑓𝑗
𝑐 = force vector in jth direction at contact c, 

𝑓𝑇 = tangential contact force, 

𝑓𝑁 = normal contact force, 

𝑓𝛼(𝑥, 𝑡) = particle distribution function, 

𝑓𝛼(𝑥, 𝑡
∗) = particle distribution function after the collision of fluid particles, 

𝑓𝛼
𝑒𝑞(𝑥, 𝑡) = equilibrium distribution function, 

G = shear modulus, 

𝐺∗ = equivalent shear modulus, 

H = incremental finer fraction between particle diameters D and 4D, 

𝐼𝑛 = Inertial number, 
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𝐼𝑝 = moment of inertia of the particle 𝑝, 

io = overall applied hydraulic gradient, 

io,cr = critical overall hydraulic gradient of the soil specimen, 

ihyd = local hydraulic gradient in a layer, 

𝑘𝑛 = elastic constant for normal contact, 

𝑘𝑡 = elastic constant for tangential contact, 

𝐿 = height of the particle bed, 

𝑀 = Mach number, 

𝑀𝑠 = fraction of mechanically stable particles, 

𝑚𝑝 = mass of the particle 𝑝, 

𝑚∗ = equivalent mass, 

N = lattice resolution, 

𝑁𝑐 = number of contacts, 

𝑁𝑑 = number of degrees of freedom, 

𝑁𝑐𝑡 = number of constraints, 

𝑁𝑐
𝑝 = number of contacts on particle p, 

𝑁𝑐
𝑐𝑜𝑎𝑟𝑠𝑒−𝑐𝑜𝑎𝑟𝑠𝑒 = number coarse particle contacts, 

𝑁𝑐
𝑓𝑖𝑛𝑒−𝑓𝑖𝑛𝑒 = interparticle contacts of fine particles, 

𝑁𝑐
𝑓𝑖𝑛𝑒−𝑐𝑜𝑎𝑟𝑠𝑒 = number of contacts between fine and coarse particles, 

Np = number of particles, 

𝑁𝑝
𝑐𝑜𝑎𝑟𝑠𝑒 = number of coarse particles, 

𝑁𝑝
≥4 = number of particles with at least 4 or more contacts, 

𝑛 = overall porosity of the soil specimen, 

𝑛𝑐 = skeleton’s porosity, 
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𝑛𝑖
𝑐,𝑝 = unit-normal vector from the centroid of the particle to the contact location, 

𝑛𝐿 = number of layers, 

𝑂𝑖 = initial centroidal location of particle i, 

𝑂𝑗 = initial centroidal location of particle j, 

𝑂𝑗
′ = displaced centroidal location of particle j, 

𝑝𝑝 = mean stress in the particle p, 

𝑝′= sample's effective mean stress equals the average of principal stresses, 

𝑝𝑓
′  = mean stress in the fines, 

𝑞 = deviatoric stress, 

R = constraint ratio for a three-dimensional particle system with only sliding resistance, 

Rd = relative density, 

𝑅∗ = equivalent radius, 

Rep = Reynold's number of the particle, 

𝑟𝑚𝑖𝑛 = minimum particle radius, 

𝑆 = variance in the void ratios, 

𝑆𝑖 = slipping index, 

𝑆𝑐 = fraction of slipping contacts,  

𝑇𝑓
𝑝= fluid-particle interaction torque, 

𝑇𝑗
𝑐 = interparticle contact torque due to tangential force, 

𝑡 = time, 

𝑡∗ = time after the collision, 

𝑢 = macroscopic fluid velocity, 

𝑢𝑓,𝑜 = average fluid velocity of cell 𝑜, 

𝑢𝑝,𝑖 = velocity of particle 𝑖 residing in cell 𝑜, 
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𝑢𝑚𝑎𝑥 = maximum velocity of the fluid flow in physical units,  

𝑉 = volume of the selected region or layer, 

𝑉𝑝 = volume of particle p, 

𝑣𝑑 = superficial or discharge velocity of the fluid, 

𝜐𝑓 = kinematic viscosity of fluid, 

𝑣𝑛
𝑟𝑒𝑙 = normal component of the relative velocity of two spherical particles, 

𝑣𝑡
𝑟𝑒𝑙= tangential component of the relative velocity of two spherical particles, 

𝑣𝑝 = translational velocity of the particle 𝑝, 

𝑤𝑝 = angular velocity of the particle 𝑝, 

𝜔𝛼 = weighing factor for the microscopic fluid velocity, 

𝑥𝑛 = coordinate of the lattice cell, 

𝑥𝑖
𝑐 = location of the contact c, 

𝑥𝑖
𝑝= centre of mass of the particle, 

z = location of the particle, 

Z = coordination number, 

𝑍𝑓𝑖𝑛𝑒−𝑐𝑜𝑎𝑟𝑠𝑒 = fine-coarse coordination number, 

𝑍𝑐𝑜𝑎𝑟𝑠𝑒−𝑐𝑜𝑎𝑟𝑠𝑒 = coarse-coarse coordination number, 

Zavg. = average coordination number, 
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LIST OF ABBREVIATIONS 

ALE = Arbitrary Langrangian Eulerian, 

BGK = Bhatnagar-Gross-Krook, 

CF = Coarser Fraction, 

CSD = Constriction Size Distribution, 

CFD = Computational Fluid Dynamics, 

DEM = Discrete Element Method, 

DLM = Distributed Lagrange Multiplier, 

DNS = Direct Numerical Simulations, 

DSD = Deforming Spatial Domain, 

FBM = Fictitious Boundary Method, 

FD = Fictitious Domain, 

FDM = Finite Difference Method, 

FEM = Finite Element Method, 

FF = Finer Fraction, 

FVM = Finite Volume Method, 

IBM = Immersed Boundary Method, 

LAMMPS = Large-scale Atomic Molecular Massively Parallel Simulator, 

LBM = Lattice Boltzmann Method, 

LGA = Lattice Gas Automata, 

LIGGGHTS = LAMMPS Improved for General Granular and Granular Heat Transfer 

Simulations, 

MD = Molecular Dynamics, 

MEM = Momentum Exchange Method, 

NS = Navier-Stokes, 
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PCF = Pair Correlation Function, 

PFC = Particle Flow Code, 

PSD = Particle Size Distribution, 

PSM = Partially Saturated Cells Method, 

SA = Surface Area, 

SST = Stabilised Space-Time, 

USACE = United States Army Corps of Engineers, 

µCT = Micro-Computed Tomography. 
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ABSTRACT 

The Discrete Element Method (DEM) has proven useful to capture the micro and macro 

behaviour of soils. The complex micromechanical characteristics associated with 

hydromechanical failure of soils, such as internal instability and fluidisation, can be 

replicated with DEM. This research is divided into two parts, i.e., (i) microscale analysis 

of internal instability of cohesionless soils by using DEM under isotropic stress 

conditions and during shearing, and (ii) micromechanical analysis of fluidisation of 

granular soils by coupling DEM with the Lattice-Boltzmann Method (LBM). 

         Micromechanical analysis of the internal instability of cohesionless soils under 

isotropic stress state was carried out using DEM. The coordination number and the stress 

reduction factor were used to estimate the potential for internal instability of granular 

soils, and the clear boundaries between the samples that were internally stable and those 

that were unstable were delineated. Thereafter, the dense samples were sheared under 

drained conditions following a constant mean stress path to study the influence of shear 

deformation on internal instability. The simulation results showed that a dense sample 

could transition from internally stable to unstable soil as it dilates during shear. 

      Furthermore, microscale investigations on soil fluidisation were carried out using the 

DEM in combination with the LBM. The development of local hydraulic gradients, the 

distribution of contacts, and the associated fabric changes were examined. The 

microscale findings suggest that a critical hydromechanical state that induces fluid-like 

instability of a granular assembly can be described by a substantial and sudden increase 

in grain slippage combined with a decrease in interparticle contacts. Inspired by these 

results, a novel criterion is proposed to characterise the transformation of granular soil 

from a hydromechanically stable to a fluid-like state based on the constraint ratio, 
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representing the relative slippage between the particles and the loss of contacts between 

the particles within the granular mass. The constraint ratio of unity corresponds to zero 

effective stress, representing the critical hydromechanical state. 

Keywords: Internal Instability, Discrete Element Method, Coordination Number, Stress 

Reduction Factor, Fluidisation, Constriction Size Distribution, Lattice Boltzmann 

Method, Constraint Ratio, Critical Hydraulic Gradient 
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