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A coupled particle-fluid numerical analysis of failure initiation of non-cohesive
granular soils induced by upward seepage flow

Analyse numérique couplée particules-fluides de l'initiation de la rupture de sols granulaires non
cohésifs induite par un flux d'infiltration ascendant

Yutaka Fukumoto & Satoru Ohtsuka
Department of Civil and Environmental Engineering, Nagaoka University of Technology, Japan.,
yfukumoto@vos.nagaokaut.ac.jp

ABSTRACT: The study focuses on the sand boiling phenomenon, namely, the failure of non-cohesive granular soils due to the
upward seepage flow. A 3-D direct particle—fluid simulation model, based on the lattice Boltzmann method and the discrete element
method, is applied to a sand boil so that the initiation of seepage-induced failure can be numerically captured from micromechanical
aspects. As a result of a series of analyses, the numerically predicted value for the critical hydraulic gradient is found to be in good
agreement with the theoretical value. In addition, the rapid change in the flow pattern around the critical hydraulic gradient can be
microscopically captured. By observing the evolution of the force chains inside the soils, it is demonstrated that the failure process
of the contact networks can also be reproduced by the simulation model presented here. In addition, it is found that the average
coordination number of the granular specimen gradually decreases during the failure process until the onset of sand boiling, while
the specimen stays at rest in terms of the average velocity of the soil particles.

RESUME: L'étude porte sur le phénoméne d'ébullition du sable, c'est-a-dire la défaillance des sols granulaires non cohésifs due au
flow d'infiltration ascendant. Un modéle tridimensionnel de simulation directe particule-fluide, basé sur la méthode de Boltzmann en
treillis et la méthode des éléments discrets, est appliqué a une ébullition de sable afin que l'initiation de la rupture induite par
l'infiltration puisse étre saisie numériquement a partir des aspects micromécaniques. A la suite d'une série d'analyses, la valeur prédite
numériquement pour le gradient hydraulique critique est en bon accord avec la valeur théorique. De plus, le changement rapide de
la configuration du flow autour du gradient hydraulique critique peut étre capturé de maniére microscopique. En observant I'évolution
des chaines de force a l'intérieur des sols, il est démontré que le processus de rupture des réseaux de contact peut également étre
reproduit par le modéle de simulation présenté ici. En outre, il est constaté que le nombre moyen de coordination de 1'échantillon
granulaire diminue progressivement au cours du processus de rupture jusqu'a l'apparition de 1'ébullition du sable, tandis que

I'échantillon reste au repos en termes de vitesse moyenne des particules du sol.
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1 INTRODUCTION

Internal erosion and the seepage failure of soils are described as
the processes by which the soil particles are transported by the
hydrodynamic force of the seepage flow. It is well known that
internal erosion and seepage failure often contribute to serious
geohazards, such as the breaching of levees, the collapse of dam
bodies, and sinkholes in roads. By referring to previous work
(Bonelli 2013), these geohazards can be classified into several
types according to their physical process, namely, backward
piping erosion, concentrated leak erosion, suffusion, contact
erosion, sand boils, and ground heave.

Among these phenomena, focus is placed here on the sand
boiling phenomenon, namely, the failure of non-cohesive
granular soils due to the upward seepage flow. A 3-D direct
particle—fluid simulation model, based on the lattice Boltzmann
(LB) method and the discrete element (DE) method (Fukumoto
& Ohtsuka 2018; Fukumoto et al. 2021; Kitao et al. 2021), is
applied to a sand boil so that the initiation of seepage-induced
failure can be numerically captured from micromechanical
aspects. As a result of the analyses of the coupled LB-DE
method, the numerically predicted value for the critical hydraulic
gradient is found to be in good agreement with the theoretical
value. In addition, the rapid change in the flow pattern around the
critical hydraulic gradient can be microscopically captured. By
observing the evolution of the force chains inside the soils, it is
demonstrated that the failure process of the contact networks can
also be reproduced by the simulation model presented here.
Moreover, it is found that the average coordination number of the
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Figure 1. Coupled LB-DE method where fluid grid space is smaller
than diameter of soil particle.
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granular specimen gradually decreases during the failure process
until the onset of sand boiling, while the specimen stays at rest in
terms of the average velocity of the soil particles.

2 COUPLED PARTICLE-FLUID NUMERICAL MODEL

In this section, the physical model used in the investigation is
briefly highlighted. More details on the calculation process are
available in our previous works (Fukumoto & Ohtsuka 2018;
Fukumoto et al. 2021).

2.1 LB method for seepage flow

The seepage flow is simulated by employing the LB method. The
LB method is one of the CFD methods and an alternative to the



N-S equations (e.g., Qian et al. 1992). The LB method does not
solve the N-S equations directly, but solves the kinetic gas
theory, which can simulate the fluid flows by tracking the
evolution of the density distribution of the virtual fluid particles.
It should be noted here that virtual fluid particles are microscopic
entities carrying state information about the fluid system, and
that they follow a set of rules based on the statistical physical
interactions. Once the density distribution functions of the virtual
fluid particles have been solved, the macroscopic variables of the
fluid system, such as the velocity and the pressure, can be
obtained. The time integration scheme is not necessary for this
method. In the present investigation, the D3Q19 velocity model
is employed by taking into account both computational accuracy
and efficiency.

2.2 DE method for soil particles

The handling of the collision law and the motion of the soil
particles, based on the conventional DE method (Cundall &
Strack 1979), are presented in this subsection. The collision law
for a contact force and a contact torque is governed by the DE
method, where the contact logic is based on the Voigt model. The
normal repulsive force is assumed to be proportional to the
overlap distance, and a dissipative component is set to be
proportional to the relative normal velocity between the soil
particles. To calculate the tangential force, in addition to
calculating it in the same way as the normal force, the Coulomb
law of friction can also be considered.

2.3 Coupled LB-DE method

In order to perform the coupled particle-fluid simulations within
the framework of the LB method, the partially saturated lattice
Boltzmann model is used. The model allows for the momentum
transfer inside the solid phase and its concept was originally
suggested in Noble and Torczynski (1999). This model enables
the treatment of the moving solid-fluid boundary and the
calculation of the hydrodynamic force acting on the solid
obstacle. This method has the advantages of being able to retain
a local operation at each LB node and of preventing the intensive
increase in computational costs for the calculation of the collision
term.

Figure 1 presents a conceptual description of the coupled LB-
DE method, where the fluid grid space is smaller than the
diameter of the soil particles. The values for the hydrodynamic
force and the hydrodynamic torque, resulting from the seepage
flow, are given by summing up the changes in momentum inside
the solid phase.

3 COMPARISON WITH THEORY

3.1 Numerical condition

Figure 2 shows the initial configuration of the simulation model.
The gravitational force acts in the negative direction of the y-
coordinate and the seepage flow streams in the opposite direction
of gravity. To generate the upward seepage flow resulting from
the difference in pressure, the pressure boundary condition is
used in the lower and the upper boundaries in the perpendicular
direction to the seepage flow. Lattice space 4 is 1.0x10” m and
the system size is 1502%300/4x150Ah. The area occupied by soil
particles is 1502x200hx150A. At y=20#h, a plane bottom wall,
assumed to be a metallic mesh wall, is placed. This wall allows
fluid to pass, but does not allow soil particles to pass. The friction
coefficient between the soil particles and the wall is set to 0 so as
to easily compare the numerical results with the theoretical
solutions. Fluid density pris 1,000 kg/m?, where the density ratio
of the solid to the fluid is 2.5.
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Figure 2. Pictures of initial configuration of simulation model: (a) Full
view of model and (b) Cross-sectional view in yz-plane at x = 75h. The
area colored in white indicates the solid phase, while the area colored
in black indicates the fluid phase
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Figure 3. (a) Sum of hydrodynamic forces acting on soil specimen,
F,»@ as function of hydraulic gradient i with linear fitting line. The
dotted line shows F,” = W, (b) Acting forces on bottom wall
positioned at y = 20h, F,"* as function of hydraulic gradient i with
linear fitting line.

Figure 4. Flow velocity distributions in yz plane at x=75h for various
hydraulic gradients .

The soil particles have a size distribution of Dmax/Dmin = 1.33,
Dmax = 2.0x10* m, and Dmin = 1.5x10* m in order to avoid
crystallization at the initial packing state. Dmax is the maximum
diameter of the soil particles, while Dmin is the minimum
diameter of the soil particles in the granular system. The density
of the soil particles, ps, is 2500 kg/m? and the sliding friction
between the immersed soil particles is 0.5. The number of soil
particles for the specimen is 1049. The initial solid fraction of the
specimen, &, is 0.571. This value indicates the medium dense
state of the granular media comprised of spherical particles.



By varying hydraulic gradient 7, the series of simulations for
seepage failure is conducted. In total, 11 cases are performed
with values for i ranging from 0.170 to 0.918.

3.2 Validation of numerical results

Figure 3 (a) shows the evolution of the sum of the hydrodynamic
forces, |Fy/"|/W,, acting on the soil particles in the y-direction as
a function of i. The hydrodynamic force is divided by the
gravitational force of the specimen, W), which includes the
buoyancy force. The onset of seepage failure is at a time when
|Fy| is equal to Wp; thus, the value for i corresponding to
|F,|/W,=1.0is critical hydraulic gradient ic, which is predicted
from the numerical simulations. From the approximate relation
between |F)/V4/W, and i, critical hydraulic gradient i. is
calculated as 0.871. Here, the theoretical value for critical
hydraulic gradient i."**¥, based on the theory of one-dimensional
seepage failure, can be obtained from the initial solid fraction and
the density ratio of the solid to the fluid. This value is given by
ictheory = £ (ps /pr — 1.0) and is calculated as 0.857. Thus, ic,
obtained from the numerical simulations, is almost consistent
with ictheory,

Furthermore, Figure 3 (b) shows the evolution of |F,"|/ W),
which is acting on the bottom wall positioned at y =20/ in the y-
direction with the increasing i. The acting force is also divided
by Wy. This plot reveals the proportional relation between |,/
and i for i <i.. When i is larger than i, the value for |[F,"|/W, is
zero because the soil particles move together with the seepage
flow in the positive y-direction, and they are detached from the
bottom plane assuming a metallic mesh wall. Moreover, when
comparing Figures 3 (a) and (b), it is seen that an equilibrium in
the direction of gravity, |F\9/ W, + |F,» /W, = 1.0 for i < i, is
satisfied.

In Figure 4, the distributions of flow velocity # m/s in the
same yz plane for i = 0.34, 0.85, and 0.884 at r = 0.1 s are
illustrated. All of these color maps for the flow velocity are at x
75h and correspond to the cross-sectional view of the
simulation model shown in Figure 2 (b). The maximum flow
velocities at each hydraulic gradient are 1.6x 103 m/s fori=0.34,
4.0%107 m/s for i = 0.85, and 4.5% 1073 m/s for i = 0.884. In the
case of i = 0.884, where i > i, the distribution of the flow velocity
rapidly changes from the former two cases as a result of the
movement of the soil particles. It is expected that the inflow
velocity will drastically increase after exceeding the critical
hydraulic gradient.

4 INITIATION OF SEEPAGE FAILURE

Based on the investigations in the previous section, focus is
placed on the changes in contact forces and contact points
between the soil particles until seepage failure occurs. Hydraulic
gradient 7 is gradually increased from 0.068 to 0.986, while
constant values for i are used in each case in the previous section.
All other parameters for the LBM and the DEM are the same as
the numerical conditions given in section 3.

Figure 5 presents a visualization of the force chains between
the soil particles in three dimensions for various hydraulic
gradients i. The line thickness of each force chain corresponds to
the magnitude of the normal contact force. The evolution of the
force chains clearly shows that the contact networks between the
soil particles start to disappear with the increase in seepage force.
In the classical theory of seepage failure, the effective stress is
zero when i is larger than ic. However, when i = 0.9 > i. in the
figures, the force chains do not completely disappear and small
contact forces are still maintained. This is mainly because the
moving soil particles are associated with the collisions and
contacts shortly after the onset of failure. Such observations, with
respect to the contact networks, can be obtained when a soft
sphere model is employed as the collision law, which allows the
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contacts between the soil particles to be retained. Otherwise, a
hard sphere model cannot reproduce the evolution of the force
chains. Similar correlations are obtained in cases where other

i=0.9 (After failure)

Figure 5. 3-D visualization of force chains between soil particles. The
line thickness corresponds to the contact normal force.
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Figure 6. Evolution of average coordination number Z and soil velocity
¥, as function of hydraulic gradient i.

sliding frictions, p = 0.1 and 0.3, are used. Thus, the friction
between the particles is seen to have very little effect on the
results of the investigation.

Figure 6 shows plots of velocity for the soil, Vs m/s, and the
average coordination number of the soil particles, Z, as a function
of hydraulic gradient i. The value for V5 in the figure can be
defined as the averaged velocity of all the soil particles because
the soil particles move as one in the positive y-direction after the
boiling occurs. From the evolution of the soil velocity, it can be
observed that the soil particles start to accelerate after i > i, while
they stay at rest at i < i.. These results are in good agreement with
those of the investigation in the previous section, where the
distribution of the flow velocity rapidly changes around i..

On the other hand, average coordination number Z is defined
as the average number of contact points between the soil
particles. It can be seen that the variation in Z shows a gradual
decrease from the initial value of 4.51, although Vs is almost zero
and the whole particle is stationary. In other words, the average
coordination number of the granular specimen gradually
decreases in the process until the onset of the sand boil, while the
specimen stays at rest in terms of the average velocity of the soil
particles. In addition, a sharp decrease can be observed before the
value for i reaches the critical hydraulic gradient. From these
results, it is found that the initiation of the seepage failure already
occurs before the onset of boiling. By focusing on the



microscopic information, such as the contact forces and the
contact points between soil particles, the coupled particle-fluid
numerical model presented here can capture the failure initiation
induced by the seepage flow.

5 SUMMARY

In the present paper, a 3-D direct particle-fluid simulation model
has been applied to the boiling phenomenon of non-cohesive
granular soils so that the process of seepage-induced failure
could be numerically captured from micromechanical aspects. It
should be noted here that the study focused on non-cohesive
granular soils, such as sand, and on the laminar upward seepage
flow. More complex systems, where the cohesion of the soils or
the turbulence of the seepage flow must be considered, will be
investigated in our future work.
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