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ABSTRACT: Internal erosion is the process in which water seepage causes the migration of the finest fraction of a soil. Piping 
erosion happens when a continuous pipe appears in the soil. As the water flows, the pipe evolves when the shear stress on its 
boundaries is enough to make some aggregates to be detached from the soil matrix. Understanding the factors that control this 
localized migration of particles is essential in predicting the contingency of internal erosion of embankments. The Hole Erosion Test 
(HET) is used to study piping erosion of soils with a clay matrix in the laboratory. This experimental device gives the eroded mass 
versus time under given hydraulic gradient conditions. With a numerical micro-hydromechanical method we investigate, in 
conditions similar to those of the HET, the role played by the micromechanical features of the soil in the erosion process. In particular, 
we pay attention to how the structure of a cohesive granular material determines its erosion resistance, represented by the critical 
shear stress. The numerical method is based on a coupling between the discrete element and the Lattice Boltzmann methods. 

 

1 INTRODUCTION. 

Internal soil erosion is a degradation process that may cause the 
failure of dams or levees. It comprises the detachment, the 
transport and, eventually, the filtration of fine particles resulting 
from the complex interplay between the flowing fluid, the soil 
skeleton and the detached particles. Sometimes particle 
migration yields the apparition of a continuous pipe at the final 
stage preceding rupture. This is the so-called piping erosion, 
which we investigate through numerical simulations. 
In particular we try to reproduce the idealized conditions of the 
Hole Erosion Test (HET) (Wan and Fell 2004, Haghighi et al. 
2013) by means of discrete models. The HET aims at 
characterizing the piping erosion process by approximating the 
pipes as circular cylinders. The experiments have shown that 
below a critical hydraulic shear stress cτ  there is no erosion and 
that above this value the erosion rate grows linearly with the 
intensity of the shear stress: 
 

( )er c ckε τ τ τ τ= − ∀ >  ,  (1) 
 

where ε  is the erosion rate (in Kg.m-2.s-1) and erk  (in s.m-1) is 
the erosion coefficient.  
 
We model the soil as an assembly of discrete particles that are 
bonded to others via cohesive forces. As the water flows through 
the pipe, hydraulic forces act on solid particles and may move 
them towards new equilibrium positions. This requires the 
breakage of cohesive bonds, what happens when two particles 
are separated from each other further than a given threshold. If 
the flow is too low, the forces exerted on the particles are not 
enough to detach them and when the hydraulic pressure gradient 
is increased the bonds break. This is the onset of piping erosion. 
No new cohesive bonds are created between particles that were 
not in contact at the beginning of the simulation and that collide 
later on. The eroded particles (i.e. those without any cohesive 
bond) exclusively interact with others via contact forces, which 
are determined by the overlapping (and by the tangential 
displacements when friction is included). If the hydraulic 
pressure drop is kept constant during the erosion, the hydraulic 
shear stress on the boundaries grows as the diameter of the hole 
does so that the erosion keeps going. 

We focus on the susceptibility of different soils to piping erosion 
in HET conditions for given dimensions and hydraulic pressure 
drops. The aim of our toy-models is not modeling the process 
with a micromechanical approach that realistically reproduces 
the nature of a clay, but understanding the role played by the 
cohesion and the microscopic structure on the erodibility. The 
former is scaled by interparticle cohesive forces while the latter 
is related to the granulometry of the model (which somehow 
represents the weaknesses in the clay structure). This idealized 
model helps to understand the micromechanical origins of 
erosion. As different granulometries lead to very different 
macroscopic features (void ratio, mechanical properties, etc.) 
even when interaction forces (contact and cohesive) are the same,  

cτ cannot just be seen as a function of the interparticle cohesion. 
Therefore we need a quantity that implicitly includes all the 
micromechanical features of the model and is easy to be 
measured without computationally expensive simulations. As we 
perfectly know the cohesive interactions in a packing, we can 
refer the energy needed to detach a particle as its cohesion 
energy. It decays on the free surfaces and have a constant value 
in the bulk. We consider the average value of a packing E  as 
a good candidate to predict the critical stress since its 
measurement in a DEM simulation is straightforward. 
 

2 METHODOLOGY. 

2 .1 Numerical method 

For the lack of simplicity we use a 2D-version of the HET test. 
We use a fully coupled micro-mechanical numerical method in 
which the discrete element method is combined with a Lattice 
Boltzmann Method (Lominé et al. 2011, Sibille et al. 2015). The 
former gives the motion of the solid particles according to 
contact and cohesive inter-particle forces, and to the forces 
exerted by the fluid flow. The latter solves the flow problem in 
the dynamically changing geometry created by the solid 
particles.  
Regarding the DEM, we consider that contact forces are 
proportional to the overlapping between two particles and act on 
the contact point. A tangential force acts when two particles 
previously in contact are laterally displaced up to a value fixed 
by friction and the normal force. Cohesive forces exist between 
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the particles that were in contact at the beginning of the erosion 
process and whose common cohesive bond has not yet been 
broken. They grow linearly with the separation of the particles at 
the same rate that contact forces do up to a maximum value given 
by ( )2

max 1 2min ,cohesiveF C R R= , where C  is the interparticle 
cohesion and 

1 2,R R  are the radii of the particles.  
 

 

Figure 1. Snapshot of a DEM-LBM simulation. The colorbar represents 
the velocity of the water. Fluid and particles flow rightwards.  

 
The LBM numerically solves the Navier-Stokes equations for the 
incompressible and Newtonian fluid. It uses a grid (with D2Q9 
elements in our case). Timestep and cell sizes are fitted to 
represent the viscosity of water while keeping a low Mach 
number. The details of the coupling are found in (Lominé et al. 
2011). We use the LBM-DEM method implemented in YADE 
(Šmilauer et al. 2015). 

2 .2 Numerical experiments 

We use HET samples of similar dimensions that are objected to 
the same hydraulic pressure drop. We vary either the 
granulometry of the system (in Figure 1: uniform, 1, bidispersed, 
2, or continuous, 3 and 4) or C  and fix all the other parameters, 
to generate a statistical sample of cases. We follow always the 
same protocol to generate the samples: 1) we randomly fill the 
simulation box with a low density cloud of particles following a 
given particle size distribution, 2) we gently shrink the 
simulation box to create a dense packing while we control the 
average stress on the walls of the box, 3) we increase and 
decrease the stress for some cycles and leave it around zero, 4) 
we remove some particles in the middle of the sample to create a 
hole, and 5) we let the system relax (ensuring that residual 
stresses are not enough to detach the particles of the surface). 
Then this sample is fully saturated with water and a hydraulic 
pressure drop is imposed. The water flow sometimes leads to the 
erosion of the pipe and the transported particles are collected at 
the downstream boundary of the simulation box. We register the 
time at which the particles are removed from the siumation 
together with their radii to compute the erosion rate.  

3 RESULTS AND DISCUSION 

We find that for each granulometry the limits for erosion in terms 
of C  change (see Figure 2a). In the uniform granulometry the 
number of neighbors is lower and cohesive forces are stronger 
for the same C  (thus erosion starts at lower C ) than those in 
continuous granulometries. This is because the two particles have 
the same size whereas in continuous granulometries the 
maximum cohesive forces are governed by the smallest particles. 

In contrast, if we compare the average cohesion energy of the 
particles, we see that the limits of erosion become closer (Figure 
2b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Comparison of the erosion produced at the same time of the 
simulation for different granulometries and cohesion values. The color of 
the markers represents, from lighter to darker, the percentage of eroded 
particles (black=no erosion, white=complete erosion). 

As the average cohesion energy can be easily computed in a 
given packing just by considering the number of contacts 
between particles, this value can be useful to establish the critical 
shear stress without the need of costly simulations. Further 
research is needed to clearly establish these limits and to relate 
this cohesion energy to other macroscopic properties. 
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