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Abstract
Suffusion, a particular case of internal erosion in soils, is a particle-scale mechanism involving the selective erosion of fine particles within the matrix of coarse
particles under the effect of water seepage. Modifications in the micro-structure
as a consequence of the loss of a fine fraction may affect both the hydraulic and
the mechanical properties of the soil. Thus leading, in some cases, to drastic
consequences. In this study, a discrete numerical model methodology is introduced to investigate the initiation and development of suffusion as well as to
analyze its effects on the soil mechanical properties. For that purpose, an original numerical extraction procedure was developed allowing us to mimic the
suffusion process by taking into account both the micro-structure of the granular packing and the hydraulic loading in the suffusion development. Such a
procedure is based on a one-way fluid-solid coupling where the interstitial flow
is solved with a finite volume approach defined at the pore scale. Numerical soil
samples subjected to different hydraulic gradients show that depending on the
amount and the role of eroded particles in the granular assembly, the eroded
medium either shows negligible deformations during erosion but then collapses
suddenly once sheared or it deforms significantly during erosion and recovers
part of its strength once subjected to shear forces. A non-linear non-monotonic
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relation between the eroded mass and the mechanical properties of the soil was
found.
Keywords: Suffusion, Constitutive behavior, Discrete numerical model, Pore
finite volume

1. Introduction
Internal erosion is a major cause of the failure of hydraulic earthen structures [1, 2, 3]. It can be initiated under different forms: concentrated leak
erosion, backward erosion, soil contact erosion, and suffusion [2]. This study
5

focuses on the suffusion process involving the selective erosion of fine particles within the matrix of coarse particles. Such a particle-scale mechanism is
characterized by the detachment and the migration of fine grains by the interstitial flow leaving behind the granular skeleton. These modifications in the
soil microstructure may lead to deformations at the macroscopic scale and may
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influence significantly the mechanical behavior of the soil.
Soils susceptible to suffusion are described as internally unstable. Different
factors may influence the internal stability of soils such as geometric conditions
(i.e., grain sizes, pore sizes and constriction sizes) and hydraulic conditions
(i.e., hydraulic gradient, flow velocity and flow direction). Several geometric
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methods have been defined in the literature to evaluate the likelihood of internal
instability. They are classically based on the particle size distribution (see for
instance [4, 5]). However, such criteria are usually found to be conservative [6, 7].
According to [8], the controlling void entities in the filtration processes are
the constrictions, defined as the narrow sections between pores. Thus, detached
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particles should overcome such key obstacles to pass through the filter. Therefore, recent research works based on geometric criteria take into account the
constriction size distribution, CSD, instead of using directly the particle size
distribution, PSD [9, 10, 11, 12]. Other recent research works study the degree
of interlocking of fine particles with neighboring particles with respect to their
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participation in the stress transfer in the granular skeleton [13].

2

Even if soils satisfy a geometric criterion, sufficiently strong hydraulic loading is necessary to detach particles [14, 15, 16]. Moreover, suffusion may be
accompanied by the filtration of some detached particles causing a modification
in the pore spaces. This may induce a clogging process and may result in a
30

decrease in the hydraulic conductivity [17].

During the suffusion process, the soil structure is modified and the post-suffusion
behavior may be strongly affected. Intensive researches have been devoted to
study the role of fine particles in the soil structure. Studies showed that the
35

fines content may influence significantly the micro-structure of the soil. The
participation of the particles of different sizes in the inter-particle contact force
network changes with the fines content [18, 19, 20, 21]. Moreover, fines content
has a significant influence on the shear strength and the onset of mechanical
instabilities in soils as well as on the position of the critical state line of silty
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sands [22, 23]. Therefore, the soil behavior seems to be dependent on the range
of fines content, which may explain the changes in the soil strength after suffusion. Nevertheless, volumetric deformation of soil (subjected to its own weight
and/or an external loading) may also be induced by suffusion development and
changes in soil mechanical properties may not be deduced from considerations
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of the fines content only.

Besides, several laboratory investigations have been carried out to study the
development of suffusion and its induced effects on the soil properties. Erosion
tests, by developing suitable apparatus for that purpose, showed the influence
50

of soil gradation and hydraulic gradient on erosion rates. Changes in the void
ratio and the hydraulic conductivity were also reported. It was found in [24]
that the initial fines content and the history of the hydraulic loading play a major role in the suffusion development and an expression of the erosion rate was
proposed to predict the cumulative eroded mass. Concerning the mechanical
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behavior, contradictory conclusions were found. An increase or a decrease in the
soil strength may occur [25, 26, 27, 28, 29, 30]. Therefore, further investigations
3

are necessary in order to describe and model how a suffusive erosion affects the
constitutive behavior of soils. One of the objectives of this paper is thus to
analyze the relation between the degree of development of a suffusion process
60

and the changes of the soil mechanical properties from a direct description of
the degradation of the micro-structure induced by the water seepage.

In addition to experimental studies, few numerical studies are available to describe the relation between the removal of soil particles and its consequences at
65

the macroscopic scale. Some include direct coupling between solid and liquid
phases [31] to analyze the migration and filtration processses during internal
erosion. More recently, [32] investigated the effects of the intermittent blockage of constrictions and its consequences on the particle transport showing an
exponential decay between consecutive trapping events. Other numerical stud-
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ies immitate erosion by defining a procedure allowing the removal of particles
without considering a fluid phase [33, 34, 35]. This latter is an efficient method
from a numerical point of view being simple and requiring less computational
resources. However, the removal of particles is usually based on the particle’s
size and the stress that a particle holds. So this method lacks other criteria that
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play a major role in the erosion of fine particles, such as, the constriction sizes
to allow particles to pass through or the driving fluid forces to cause particles to
move. Hence, a second objective in this work is to develop the existing extraction criteria by taking into account complex geometric and hydraulic processes
which govern the suffusion phenomenon.
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With the aim of studying the mechanical behavior of soils subjected to suffusion, this paper introduces a numerical model based on the discrete element
method (DEM). In the first part of the article, an extraction process involving both a detachment criterion and a transport criterion of potentially erodible
85

particles is defined to mimic the suffusion development. This process introduces
a one-way coupling between the fluid and the solid phases by associating the
DEM with the pore scale finite volume method (PFV) as developed in [36, 37]
4

to solve the interstitial fluid flow and to compute the fluid forces applied on
each soil particle. In a second part, suffusion like simulations are presented for
90

a granular assembly subjected to a water seepage under controlled hydraulic
gradients. On one hand, the modification of the granular micro-structure and
its macroscopic response during suffusion development are analyzed. On the
other hand, eroded samples are sheared under triaxial compression conditions
to characterize their mechanical properties and the evolution of the latter with
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the degree of development of the suffusion. Finally, limitations and further
development of the numerical model are discussed.

2. Discrete numerical model
2.1. Solid granular phase
The solid phase is represented as a granular assembly with the discrete el100

ement method. Periodic boundary conditions are adopted and gravity is neglected in all simulations, which may result in having rattlers. The periodic
cell is formed as a parallelepipedic block initially filled with a cloud of spherical
particles. Then, an isotropic compression is applied until reaching the required
confining pressure and initial density. From this state, either the erosion process
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(as described in section 3) is carried out, or triaxial compressions are simulated
to characterize the macroscopic mechanical properties of the granular assembly
(as discussed in section 5).

The inter-particle interaction is modeled by a linear elastic relationship be110

tween contact forces and relative displacements of particles, with a slip Coulomb
model. Thus, it is based on a very classical interaction law characterized by constant normal and tangential (or shear) stiffnesses, Kn and Ks , respectively, and
a contact friction angle, ϕc , such that the normal and tangential contact forces,
F~n and F~s , are defined by:
F~n
∆F~s

= Kn δn ~n
~s
= −Ks ∆U

(1)
with
5

||F~s || ≤ ||F~n || tan ϕc

(2)

where ~n is the normal to the contact plane, δn , the overlapping distance between
~ s , the relative tangential (or shear) displacement at the contact
spheres, and U
point. Only compressive normal forces are modeled, and the contact is lost as
soon as the overlap, δn , vanishes.

Since spherical shapes lead to excessive rolling of particles, resulting in small
internal friction angles at the macroscopic scale too far to be representative of
the actual soil properties [38, 39], contact rolling resistance is taken into account
in the local constitutive law [40, 41, 42, 43]. The rolling resistance at the contact
is defined by the rolling stiffness, Kr , and the coefficient of rolling friction, ηr
(commonly called friction because of the mathematical form it takes although
it does not directly involve the friction between two surfaces). Thus, the rolling
~ r , acting against the relative rolling rotation of
moment at a contact point, M
particles, θr , is expressed as:
~ r = −Kr ∆θ~r
∆M
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~ r || ≤ ||F~n || ηr min(R1 , R2 )
with ||M

(3)

where R1 and R2 are the radii of the two spheres in contact respectively.

Note that all details of the discrete numerical model implemented in this paper
are discussed in [43].
2.2. Interstitial fluid flow
As mentioned previously, the hydraulic loading governs the onset and development of internal erosion. Therefore, the interstitial fluid dynamics is solved
to take into consideration the effect of the fluid phase in the erosion process.
The interstitial flow is described with a numerical method based on a pore-scale
discretization in finite volumes (PFV), and assuming incompressible pore fluids. A detailed presentation of this approach can be found in [36, 37] and only
a short description is given here.

In the PFV method, pore bodies are defined locally through a regular trian6

gulation of the granular packing (i.e. the triangulation of the particle centers
weighted by the particle radii). The void space being discretized by a tetrahedral mesh, each tetrahedron representing a pore, a finite volume formulation of
the Stokes flow between adjacent pores is made possible. Dual to the triangulation, the Laguerre tessellation represents the connections/paths of the fluid
between adjacent pores. Thereafter, viscous flow equations are upscaled at the
pore level and approximated with a finite volume scheme. The flux qij between
two connected pores, i and j characterized by pressures pi and pj respectively,
is related to the local pressure gradient and the pore-space geometry:
qij = gij

pi − pj
lij

(4)

where gij is the hydraulic conductance of the throat between pores i and j, and
lij the length of this throat.

The pressure field is obtained by solving a linear system composed of the continuity equations applied to the fluid phase in each pore. The latter implies
that the rate of volume change of one pore is equal to the sum of the fluxes
through the four facets of the tetrahedral pore element. Considering the pore
i, the continuity equation writes:
V̇if =

j=4
X

pi − pj
lij

qij = gij

j=1

(5)

where V̇if is the volumetric strain rate of pore i deduced from the solid particle
velocities at the four apexes of the tetrahedron i.

Finally, the forces exerted by the fluid on each particle can be derived from
the pressure field and expressed as the contour integrals of the pressure p and
of the viscous shear stress τ . For a particle k with a boundary surface Γk , the
fluid force F~ k reads:
F~ k =

Z

Z
p ~n ds +

∂Γk

τ ~n ds
∂Γk

7

(6)
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where ~n is the unit normal to the surface Γk .

The way to take into account this force induced by the water seepage on the
solid particles to describe the suffusion phenomenon is presented in the next
section. Numerical simulations were performed using YADE software [44] in
125

which both the DEM and the PFV are implemented.

3. Numerical erosion procedure
A numerical extraction procedure is defined to mimic the suffusion process. Describing accurately this phenomenon, a fully coupled hydro-mechanical
model is required. However, the typical time scale related to the transport of
130

solid particles in the interstitial space under the action of a water seepage is
quite large and it would require to simulate a relatively long physical time resulting in an expensive computational cost. Therefore, a simplified extraction
procedure, involving a one-way fluid-solid coupling [45] and keeping a reasonable
computational cost, is defined. It is based on the association of the DEM and
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PFV methods presented in the previous section. As illustrated by the numerical
scheme shown in Figure 1, the proposed method consists in splitting the suffusion process in two steps: (i) the detachment of particles under the action of
the water seepage and (ii) their transport through the interstitial space. These
two steps are considered sequentially from an equilibrium state of the granular
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assembly reached under a prescribed stress state, i.e. an isotropic compression
up to a given confining pressure or a triaxial compression up to a given stress
deviator. Equilibrium is assessed from a dimensenionless unbalanced force. It is
computed as the ratio of the mean resultant particle force to the mean contact
force and tends to zero for a perfect static equilibrium. A value of 10−3 was
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considered here as representative of a state sufficiently close to this limit.
3.1. Particle detachment induced by water seepage
Prior to the detachment step, the seepage flow through the granular medium
for a fixed global hydraulic gradient is resolved from a single iteration of the
8

Figure 1: Dissociation of the detachment step and transportation step in the simplified numerical description of suffusion.

9

PFV method. Then, fluid forces acting on each solid particle are computed
and stored. As for the solid phase, periodic limit conditions are considered for
the interstitial water flow [46]. The detachment step consists in checking the
equilibrium of solid particles under the combined action of inter-particle contact
forces and fluid forces. For this purpose, DEM cycles are iterated by applying
permanently on solid particles the fluid forces previously stored. At this stage
seepage flow and fluid forces are not updated by taking into account new particle
positions and velocities, this is why we call it a one-way coupling. Nevertheless,
this simplification is quite reasonable since the idea is not to give enough time for
particles to be transported (i.e. particle displacements and velocities stay low)
but to check for each particle if the fluid force can be balanced by the contact
forces transmitted by neighboring particles in a configuration close to its initial
equilibrium state. Formally, this is done by comparing the magnitude of the
unbalanced force on the particle p subjected to a fluid force F~fp and contact
forces F~cα (where α spans over all the contacts involving the particle p):
p
Funb
=

X

F~cα + F~fp ,

(7)

α∈p

with the mean magnitude of the contact forces transmitted by neighboring particles on p, hkF~cα ki, and considered as stabilizing forces. Finally, a particle is
considered as detached when:
p
Funb
> λ hkF~cα ki,

for α ∈ p

(8)

where λ represents the threshold of the unbalanced force ratio below which a
particle is considered at equilibrium.
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Perfect equilibrium of the granular assembly is never reached with the DEM
(it is reached only asymptotically) even without seepage forces. As one would
not expect particle detachment when fluid forces are zero, λ in Equation 8 is
chosen high enough in order not to detect detached particles in a granular assembly in a quasi-static state not subjected to a water seepage. However, it

10
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should be small enough to detect any particles out of equilibrium when a quasistatic state is sought under a hydraulic loading. Figure 2 presents the mass ratio
M̄d = Md /M0 (where Md is the mass of detached particles and M0 the initial
mass of fine particles) identified as detached in the absence of water seepage for
the discrete numerical model (as defined in Section 4) in a quasi-equilibrium
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state. For λ ≥ 0.1, the mass of detached particles is negligible, therefore, the
lower boundary λ = 0.1 is chosen as the threshold unbalanced force ratio for
the next erosion simulations.

Finally, there is still the question of how many DEM cycles should be run

Figure 2: Mass ratio of particles identified as detached for different values of the threshold λ
applied on the unbalanced force ratio for a nil hydraulic gradient (i.e. without water seepage
simulated in the granular assembly).
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once fluid forces are applied on solid particles. This number of cycles should
necessarily be relatively small as only a one-way fluid-solid coupling is considered in this step and fluid forces are not updated when the state (position,
velocity) of solid particles is changing. Nevertheless, a sufficient number of

11

cycles is needed to allow the existing contacts to deform and develop contact
170

forces able to balance (or not) the fluid force. The number of detached particles
according to the condition defined in Equation 8 is plotted in Figure 3 in terms
of the number of DEM cycles run before checking this condition. Active and
inactive detached particles, considered separately, are also represented in Figure 3. A particle with at least two contacts is considered active. The number
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of inactive detached particles is constant up to 1,000 DEM cycles. This is in
agreement with the fact that the condition of Equation 8 holds, by definition,
for all inactive particles which consequently should be considered as detached
whatever the number of DEM cycles. Beyond 1,000 cycles, the number of inactive detached particles decreases, initially slowly, then drastically after 10,000
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cycles. The partially-coupled model starts to deviate from the initially defined
concept: inactive particles are transported under the action of the initial fluid
force considered constant (whereas fluid force should vanish when the particle
velocity tends to the fluid velocity) and pushed against some neighboring stable
particles. Consequently, the designed model is valid for a maximum number of
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1,000 DEM cycles. The same trend is observable for active particles from 10,000
cycles. Below this number of cycles, the number of the active detached particles
results from the competition between particles being stabilized (when contact
forces balance the fluid force) and those being destabilized (when contacts break
under the action of the fluid force). As a conclusion, in this study, it is chosen
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to check detached particles after 1,000 iterations of the DEM cycle with the
application of the fluid forces. This limitation may seem quite arbitrary with
respect to the active particles, but this could be compensated by the repetition,
for a given hydraulic loading, of the whole extraction procedure as detailed in
section 4.
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3.2. Particle transport through interstitial space
The possibility of detached particles (as identified in the previous section) to
be transported through the pore network is now checked. The migration of fine
particles is controlled by the topology of the interstitial space. In other words,
12

Figure 3: Number of detached particles for different DEM cycles.

it depends on how the pores of different sizes are connected via constrictions.
200

Thus, a detached particle should be able to cross a sufficient number of connected pores and constrictions to leave the soil matrix and be finally eroded.
Simulating such a process with the fully coupled DEM-PFV method is possible [32] but requires a relatively high computational time. Moreover, this study
does not aim to describe thoroughly the suffusion process in itself, but to inves-
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tigate the effect of erosion, by the suffusion of fine particles, on the mechanical
behavior of the soil. Hence, a simplified transport criterion is followed.

This criterion is based on the constriction size distribution, CSD, from the
set of particles including the coarse ones and the non-detached finer particles as
210

identified in the previous detachment step (i.e. all particles not detached by the
water seepage). The computation of the CSD is the sub-product of the PFV
method since it results from the regular triangulation of the granular packing
and associating each tetrahedron with a pore. The constriction radius is identified at the interface between two tetrahedra as the radius of the inscribed circle

13
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between the three spheres intersecting the facet. A controlling constriction size
is extracted from the CSD and the transport criterion consists in comparing the
size of each detached particle to this controlling constriction size. This latter is
chosen based on the suggestion of [47] in their filter criterion which corresponds
to Dc35 (the constriction size for which 35 % of the constrictions of the granular
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assembly are finer than this size). Then, a detached particle is considered as
being transported through the interstitial space if its diameter is smaller than
Dc35 .

Finally, a detached particle being transported is identified as an eroded par225

ticle and is erased from the granular assembly. DEM cycles are iterated again
with the new particle configuration (i.e. without the eroded particles) and without any fluid forces. Due to the particles removal, the granular assembly may
deform under the constant applied stress state. The simulation is run until a
new equilibrium state (if any) is reached. Such a process can be repeated to
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pursue the erosion development, or a drained triaxial compression test can be
simulated to evaluate the new mechanical properties of the eroded soil.

4. Suffusion development and soil deformation
Suffusion-like simulations were performed from an isotropic stress state (under a confining pressure of 100 kPa), following the numerical extraction pro235

cedure defined previously. The relatively narrow particle size distribution displayed in Figure 4 was used in this first approach to limit the number of discrete
elements necessary to form a representative elementary volume (REV) and to
keep a quite low computational cost. Note that, such a particle size distribution represents an internally stable soil as considered in previous studies such
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as [35, 33]. Therefore, to be able to apply the previous erosion procedure, some
simplifications are taken in what follows. These include: (1) Considering only
the CSD of the coarse fraction of the granular assembly for the calculation of the
controlling constriction size; (2)Assuming the fine fraction is that correspond-

14

Figure 4: Initial particle size distribution of the granular assembly.

ing to particles whose diameter is smaller than D50 . The extraction algorithm
245

in Figure 1 has been applied repeatedly for increasing values of the prescribed
hydraulic gradient, i. For i < 0.2, the hydraulic gradient is increased by steps
of 0.05. For 0.2 ≤ i ≤3, an increment of 0.2 is applied. As i exceeds 3, the
increment step increases to 0.5. For a given hydraulic gradient, the extraction
is repeated until no more particles are eroded. Figure 5 shows, for a given hy-
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draulic gradient (i = 1.2), the relative detached and eroded masses, M̄d and
Me
M̄e respectively (with M̄e = M
and Me the mass of eroded particles), as long
0

as the extraction procedure is repeated at this value of the hydraulic gradient.
The hydraulic loading process followed in the simulations immitates the experimental multi-stage procedure [29] where the hydraulic gradient is increased by
255

steps as well as to take into account the effect of hydraulic loading history on
the suffusion development [24].

Suffusion like simulations are resumed in Figure 6 showing the cumulative
eroded mass ratio for the prescribed hydraulic gradients. Here, the total mass
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Figure 5: Relative masses of detached and eroded particles at each step of repetition of
the extraction procedure until no more particles are eroded under the prescribed hydraulic
gradient, i = 1.2.
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of eroded particles Me is distinguished from the eroded mass of active particles Mea (i.e, particles participating in the inter-granular force transfer and
involved in at least two contacts), with Mea ∈ Me . Then, eroded mass ratios
M̄e = Me /M0 and M̄ea = Mea /M0 are respectively defined.
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Under the initial isotropic stress state, rattlers (or non-active particles) of the
fine fraction represent 38 % (by mass) of the total mass of fine particles. By
definition, these rattlers are considered as detached for any non zero hydraulic
gradient and their ability to be transported depends only on the transport criterion. That is why M̄e is much higher than M̄ea and a sufficiently strong
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hydraulic gradient (here about i = 1) is necessary to destabilize active particles
involved in the contact force network (stabilizing them with respect to the fluid
action). Besides, for increasing hydraulic gradient, new particles can become
inactive (due to particle re-arrangement during the first step in Figure 1) and
constriction sizes may globally increase (due to the previous erosion step) giving
16

Figure 6: Simulated eroded mass for an increased by step of the prescribed hydraulic gradient
i.
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the opportunity for new inactive particles to be eroded. Finally, this results in
a modified post-suffusion particle size distribution and constriction size distribution due to the selective erosion of particles as displayed in Figure 7.

Mechanical response of the granular assembly during suffusion can be charac280

terized in terms of volumetric strain. Under the external applied isotropic stress
the sample may compact only when active particles are eroded (since inactive
particles do not participate in the load bearing capacity of the assembly). Nevertheless, Figure 8 shows that the soil compaction is not concomitant with the
erosion of active particles. For M̄ea > 0.2 %, the sample compresses significantly
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whereas below this threshold it presents negligible volumetric deformations, evidencing the negligible role in the contact force network of the active particles
firstly eroded. However, as noticed from Figure 8, the porosity is always larger
after erosion even if the soil shows a large contractive behavior. The creation of
a more open micro-structure, induced by particle removal, is predominant over
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Figure 7: Post-erosion Particle Size Distribution (PSD) and Constriction Size Distribution
(CSD).
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Figure 8: Contractive volumetric deformation of granular assembly and the evolution of porosity with the erosion of active particles.
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the sample compaction during suffusion, as shown by [48, 34, 33]. Although the
eroded sample is always looser than the virgin one, porosity change with erosion
development is not monotonous here. For a high degree of erosion development
(i.e. for M̄ea > 1 %) the eroded medium is slightly denser than that at erosion
initiation (M̄ea < 0.2 %) as a result of the competition between compaction
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due to particle rearrangement and pore space increase due to particle removal.
However, even if the soil becomes denser and gains some strength, the soil had
already suffered from large settlements which may lead to serious drawbacks at
the scale of hydraulic structures.
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Laboratory experiments, aiming to characterize soil mechanical properties of
soil samples eroded by suffusion, face a major issue related to the heterogeneous
state of the sample after erosion. The fine concentration may present a gradient
in the main seepage direction [26, 29] (with a more important fine concentration
in the downstream part of the sample) and the density itself may also be af-

305

fected with possibly counterintuitive distributions as observed by [24] showing a
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denser state in the upstream part of the sample where fine fraction is the lowest.
However, interpretation of the triaxial compression tests performed to evaluate
the post-erosion shear strength properties usually assumes a homogeneous state
of the sample. The numerical erosion process defined here implicitly induced
310

a homogeneous removal of eroded particles. For instance, the homogeneity of
the granular assembly is checked in Figures 9 and 10 after it has been eroded
for a hydraulic gradient up to i = 3. Porosity and grain size distribution were
computed around different cross sections of the sample (bottom/downstream,
middle, and top/upstream). Both porosity and grading are almost identical in
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all sections. Consequently, the modification of the micro-structure of the numerical sample, being kept homogeneous, is indeed not directly representative
of relatively large samples eroded in laboratory, but presents the advantage to
get around this problem of interpretation of mechanical tests on heterogeneous
samples. This constitutes an important basis for the next section of the paper
about the post-erosion mechanical properties.

Figure 9: Local porosities at different sections of the eroded sample under a hydraulic gradient,
i = 3.
320
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Figure 10: Local particle size distributions around different sections of the eroded sample
under a hydraulic gradient, i = 3.

5. Effects of suffusion on the macroscopic constitutive behavior
Drained triaxial compressions have been simulated to highlight how such induced modifications of the micro-structure, due to the removal of a fine fraction,
affect the mechanical behavior of the soil. Results in terms of deviatoric stress
325

ratio, q/p, and volumetric strains, εv , are displayed in Figure 11 for the virgin
sample (i.e. not eroded (NE)) and for the eroded ones having different degrees
of erosion. The eroded samples are characterized by the highest hydraulic gradient, i, reached before performing the triaxial compression; the corresponding
eroded masses can be deduced from Figure 6.
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Globally, the eroded samples present a reduced shear strength with respect
to the virgin sample together with a significant change of the volumetric strains
tendancy. Two distinct groups are clearly identifiable. For sufficiently low hydraulic gradients (i ≤ 1), group 1, the eroded samples show the most important
335

shear strength reduction with a well marked contractive behavior, whereas for
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higher hydraulic gradients, group 2 (i > 1), a part of the initial shear strength
is recovered and samples present a first phase of contractant behavior followed
by a slight dilatant behavior. Moreover, for the group 1, an atypical softeninghardening behavior (developing after an initial peak of q/p, from an axial stress
340

of about 3%), and volumetric reduction happening in two steps (a strong contractancy developing from εa ≈ 5% after an initial moderate volume reduction),
are also observable.

Despite this particular point that will be discussed further in the paper, changes
345

observed in the shear strength and volumetric deformation are consistent with
the sample porosity reached after the erosion process. The porosity of samples of group 1 is more important (n ≈ 0.46) than for the samples of group
2 (n ≈ 0.43) resulting, for the latter, from the strong compaction experienced
during the extraction process (cf. Fig. 8) as more active particles were eroded
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at higher hydraulic gradients.

Change of the peak friction angle with erosion development, represented via
the eroded mass ratio of active particles M̄ea , is presented in Figure 12. A
non-linear and non-monotonic relation is found, in good agreement with the
355

post-erosion porosity following the same trend (Fig. 8). In other words, for the
case studied here, the shear strength is greatly affected even for a low degree of
development of erosion where the friction angle decreases by about 19 % (from
37.5o to 30.2o ). A low degree of development of erosion is slightly more damaging to the shear strength than an advanced degree of erosion development.
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The latter should be interpreted carefully in the sense that, for a large erosion
development, the granular assembly has already shown a very high contractancy
during erosion (up to εv ≈ 14% to 15%). Regarding a structure made of soil, as
a dike or an embankment, if such a high volume reduction concerns a sufficiently
large volume of soil, it could lead to an important settlement of the structure,
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possibly as damaging as a shear strength reduction.
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Another interesting point highlighted by these numerical results concerns the
mechanical behavior of a soil when only inactive particles are eroded by suffusion. In this case and for the current mechanical state, as inactive particles
370

do not participate in the contact force network and thus in the load bearing
of the granular assembly, no deformation is induced by the suffusion and the
original contact force network remains unchanged. However, does it affect the
mechanical properties of the sample? Or, in other words, may the inactive
particles in the initial state have a role in the load bearing capacity when the
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medium is sheared and deformed? Eroded samples belonging to group 1 correspond to this case: the eroded mass of active particles is almost negligible
(M̄ea < 0.2%) whereas the inactive particles have been largely removed from
the granular assembly (M̄e ≥ 25%). This is confirmed by the vanishing volumetric strain occuring during erosion for this group. Nevertheless, as shown by
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Figures 11 and 12, these eroded samples present mechanical properties largely
degraded with respect to the virgin sample, in particular with a reduction of
the peak internal friction angle from 37.5o to about 30.2o . Therefore, although
some particles are inactive in a given mechanical state, they may play a key
role in subsequent states with respect to the macroscopic behavior of the gran-

385

ular assembly (even if this role, for each particle, may be very transient). It
is not beacause no deformation (or settlement) is observed during the suffusion
occurence (if the mechanical loading applied to the soil is unchanged) that the
soil mechanical properties have not been degraded by suffusion.
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Finally, properties of eroded granular assemblies at the critical state are discussed in the last part of this section. Changes in the critical state may be
of importance for many phenomenological constitutive relations relying on the
definition of such a state. It can be deduced from the Figure 11 that the mobilized friction angle at large strains is unchanged (with q/p ≈ 1.2) whatever the
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hydraulic gradient is and the degree of erosion development. For the numerical
model used, and for a given particle grading, shear strength at large deformations depends almost only on the inter-particle rolling friction (reflecting the
23

Figure 11: Simulated responses to drained triaxial compression of granular assemblies eroded
at different hydraulic gradients.
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Figure 12: Maximum friction angle ϕmax in terms of eroded mass ratio of active particles,
determined from simulations of triaxial compressions on eroded samples.

angularity of the particle shapes) as shown for instance in [43]. As the rolling
friction ηr (Eq. 3) is here identical for all the particles (the eroded and non400

eroded ones), the removal of a part of the particles does not affect the overall
strength due to this resistance to rolling introduced at the contact level. Besides,
the change in the gradation of the particle sizes due to the selective erosion of
particles (Fig. 7) is apparently not sufficiently marked in this case to have an
influence on the shear strength at the critical state. However, even if it is not
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very significant, this change in the gradation clearly affects the porosity reached
at the critical state as shown in Figure 13. As the finest particles, possibly filling
the voids between coarser particles, are removed, the porosity increased at the
critical state. Unlike the post-erosion internal friction angle (Fig. 12) depending
on the initial (post-erosion) density, the relation between the porosity at critical
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state and the eroded mass is monotonous since it relies on the change of the
grading (and obviously not on the initial configuration of the granular packing)
also changing monotonously with the erosion development (Figure 7).
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Figure 13: Porosity at critical state ncs in terms of eroded mass ratio of active particles,
determined from simulations of triaxial compressions on eroded samples.

6. Micro-structure changes induced by suffusion
In order to understand how the microstructure of the soil is modified during
erosion and to explain the particular behavior of eroded soils subjected to low
hydraulic gradients (group 1), the probability density function, P , of the normal
contact forces is calculated for each eroded soil specimen and compared to that
of the non-eroded soil. The probability density, P , is displayed in Figure 14 for
the different specimens in the isotropic stress state. Furthermore the mechanical
coordination number Zm is also computed for each specimen. According to [49]
Zm is defined as:
Zm =

2Nc − N1
Np − N0 − N 1

(9)

where N c is the total number of contacts, N 1 is the number of particles with
415

one contact, N 0 is the number of particles with zero contact, and N p is the
total number of particles. Probability density of contact forces and mechanical coordination number are displayed in Figure 14. An additional granular
assembly denoted LS is also considered in this figure. LS is a granular assembly
26

Figure 14: Probability density functions of normal contact forces at the isotropic state of the
eroded specimens up to a hydraulic gradient i and non-eroded initially dense NE and loose
LS specimens.

reconstituted in a loose state by using the PSD of the specimens of group 1.
420

The objective is to try to constitute a reference loose sample, possibly as loose
as those of group 1, but without subjecting it to the erosion process (contrary
to those of group 1). The methodology proposed in [43] to create initially very
loose samples by numerically imitating the moist tamping technique by adding
inter-particle cohesion forces during the compaction phase has been followed.
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However, the highest porosity we manage to reach for LS at the isotropic state
is n=0.444. Note that this porosity is lower than the porosity of specimens of
group 1 (slightly above than 0.460) but higher than the porosity of group 2
(ranging from 0.435 to 0.439). Hence, if specimens of group 1 are discarded
in a first time, specimens NE, specimens of group 2, and LS are respectively
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in order from the denser to the looser. As expected this order appears also
clearly in Figure 14 with respect to the force distributions (distributions are
different for NE and LS and distributions of group 2 are in between) and the
coordination number (Zm is decreasing as the porosity is increasing). However,
27

it is interesting to note that specimens of group 1 do not follow this expected
435

trend and constitute a very particular case. Although they are the loosest, the
erosion process has lead to unique granular assemblies, very loose compared to
the initial non-eroded one, NE, but characterized by very similar coordination
numbers and quasi identical contact force distributions. Specimen LS shows it
is not possible to reconstruct at low initial density, without using the erosion
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process, such a micro-structure typical of a dense sample.

In addition, Figure 15 shows the response to a drained triaxial compression of the
reconstituted loose sample compared with the other soil specimens. Here again,
as expected from their intermediary densities, specimens of group 2 present vol445

umetric changes which are between the clearly dilatant behavior of specimen NE
and the globally contractant response of LS. With similar probability density
of contact forces and Zm to the non-eroded granular assembly NE at isotropic
state, specimens of group 1 show a kind of transitional volumetric trend. It is
characterized by, apparently slightly dilatant behavior with peak stress after the
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initial contractancy, and as the shearing increases, the hidden loose character
appears again by exhibiting a large contractant behavior (more important than
for LS specimen) in accordance with the very high initial porosity. Finally, as
the LS specimen is looser than the NE specimen it is characterized by a lower
initial stiffness as showed in Figure 15. This is not the case for specimens sub-
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jected to the erosion process (both groups 1 and 2) where the initial stiffness
stay quasi-unchanged with respect to the non-eroded one.

All these observations illustrate that suffusion may result in atypical soil microstructures and macroscopic behaviors, particularly when erosion concerns only
460

inactive particles without accompanying effects on the coarse matrix integrity.
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Figure 15: Comparison of the response of an initially loose sample (LS) to a drained triaxial
compression to other granular assemblies eroded at different hydraulic gradients.
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7. Conclusion
A numerical approach has been presented in this paper to describe the erosion of soil by suffusion. A simplified extraction procedure is defined based on
the discrete element method with a one-way fluid-solid coupling. By taking
465

into account the hydraulic loading, to determine the detachment of the solid
particles, and the constrictions of the interstitial space, the definition of this extraction procedure constitutes new advances while limiting the computational
cost. The simulations of the erosion tests show that depending on the role and
the amount of the eroded particles, two different post erosion mechanical behav-
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iors may be concluded. On one hand, if only inactive particles are removed, the
soil structure presents almost no deformation during erosion, maintaining the
same probability density of contact forces and mechanical coordination number
as the non-eroded soil. However, if sheared, this soil may suffer from a sudden
collapse revealing its hidden loose character induced by the voids left at the place
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of the eroded particles. On the other hand, if more active particles are eroded,
the granular assembly loses its equilibrium during the erosion process and the
soil deforms with a global volume reduction to reach another equilibrium state.
Once sheared, the soil still presents a slightly dilatant behaviour (not as marked
as in the non eroded state) and recovers part of its shear strength with respect
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to the previous case. In all cases, the erosion process leads to the creation of
more porous materials (even if it may be partially compensated by a compaction
during the erosion). However, a comparison with a granular assembly generated in an initial loose state showed that the post-erosion mechanical behaviour
cannot be only described by an increase in porosity. It results in atypical micro-
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structures and macroscopic behaviors, particularly when only inactive particles
have been eroded.

It would be interesting in future work to consider a wider PSD similar to those
used experimentally and which are internally unstable. For such PSD, the nu490

merical granular assembly should include at least several hundreds of thousands
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of particles to constitute a representative elementary volume. Moreover, a limitation of the proposed model is the simplified transport criterion considering a
single characteristic constriction size. The ability of the detached particles to
be transported inside the porous network is determinant in the development of
495

suffusion. This feature will be evaluated more thoroughly since the whole constriction size distribution and pore connectivity is available from the numerical
model.
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