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ABSTRACT: The suffusion phenomenon occurs when fine soil particles are detached by seepage flow and
transported away from the matrix. This process is one of the main causes of failure of hydraulic structures and
road embankments. This study aimed to build a numerical model for simulating the particles suffusion within
a porous medium. This model combines a flow law and an erosion equation related to the evolution of soil po-
rosity. In addition the dispersion and the deposition kinetics processes of eroded particles were combined with
detachability process. The equations describe the evolution of the instantaneous concentration of the fluidized
solid, and the variation of eroded mass. Sensitivity analysis allows highlighting the influence of the different
parameters on suffusion, particularly that deposition kinetics starts acting only below a threshold of hydraulic
gradient and beyond a given sample length. The adjustment results indicate that the suffusion process is
strongly related to hydraulic conditions, physical soil characteristics and pore water chemicals. The compari-

son of numerical results with experimental data from laboratory tests provides a quite good agreement.

1 INTRODUCTION

Suffusion can occasionally occur in internally unsta-
ble soils that are subject to seepage flow. Suffusion
(erosion occurring within the volume medium) of a
soil is the process whereby finer particles migrate
within the void network of its coarser particles, as a
result of seepage flow. Onset of internal erosion is
governed by a combination of geometric and hy-
dromechanical conditions. Migration of fine parti-
cles to an unprotected exit, from which the eroded
material may escape, by washing out, could cause
erosion or piping failure. The internal erosion is one
of the main causes of failure of hydraulic structures.
From the reviewed literature the suffusion is a dan-
gerous process that threatens the stability of hydrau-
lic structures, since about 50% of internal erosion
incidents are due to suffusion. This process involves
the detachment and transport of fine particles
through soil matrix, leading to solid volume reduc-
tion. However, even particles are released from soil
they could be trapped within pore structure, reducing
the suffusion kinetics. Then, transport and attach-
ment parameters must be taken into account in suf-
fusion models.

Numerical modelling is therefore an essential tool
of the forecast study of suffusion process. In this
context, several mathematical models were present-
ed. Govindaraju (1995) represents the erosion evolu-
tion by three distinct phases and each one is gov-

erned by its specific ordinary differential equation as
erosion law. The model is reduced to an equation
describing the temporal evolution of the product of
porosity and concentration, neglecting the spatial
evolution of the dispersion of the particles in the po-
rous medium and also the deposition process. Based
on this model, Seghir A. et al. (2014) used a simpli-
fied form of Govindraju model in order to derive an-
alytical solution. The results compared with experi-
mental data obtained from suffusion in sand-fines
mixtures show a quite good agreement. Roy &
Dzombak (1996) presented a model devoted to
simulate colloid release and transport processes in
porous media, based on advection-dispersion equa-
tion with colloid deposition and release terms. But,
in their model, the authors assume that the porosity
does not change as result of colloid deposition and
release. Such model is not suitable to large erosion
experienced by hydraulic works. Vardoulakis et al.
(1996) and Papamichos & Vardoulakis (2005) pre-
sented a macroscopic model for incompressible fluid
flow which was used to investigate the sand produc-
tion problem in oil wells. However, this model
seems not be applied successfully to the suffusion
process because it involves continuous release of
particles until the entire solid matrix is eroded. Ster-
pi (2003) formulated a mathematical model based on
empirical erosion law where the eroded fine fraction
is related to the initial fine fraction and the hydraulic
gradient. This erosion law is an increasing function



over time that can reach the entire initial fine frac-
tion in the soil when time increases infinitely, and
according to the author, this is valid under even low
hydraulic gradient value. Gravelle et al. (2011) de-
veloped a model based on the advection-dispersion
equation where deposition process is neglected. In
this model, because one term release rate is not
enough to obtain a good correlation with experi-
mental data, a second order term of release rate was
added. Bonelli & Marot (2011) presented a model
where suffusion occurs at pore scale as an interfacial
process. The model depends on the threshold hy-
draulic gradient which is determined empirically.
Water in the soil contains soluble salts whose con-
centration determines whether the soil is "normal" or
"salt-affected". Chemical conditions can be a con-
cern when dams and soils pore water become more
saline. It was reported from literature that soil suffu-
sion rate is strongly affected by the ionic strength of
pore solution (Khilar and Fogler 1984; Roy &
Dzombak 1996; Blume et al. 2005).

The reported models display mainly processes of
particles detachment, involving many parameters to
describe the suffusion process. But particles de-
tached from soil matrix are also submitted to the
main transport processes occurring in porous media
like dispersion and deposition which are affected by
the porous medium grading and also by flowing flu-
id chemicals. So, particles removed from matrix are
not all washed out from the soil and may be retained
within the pores, leading to likely clogging. In order
to take into account the main processes of particles
release and transport within the porous medium (de-
tachment and retention in soil matrix), a mathemati-
cal model devoted to describe the suffusion process
in a soil submitted to hydraulic load is presented.
This model is based on advection-dispersion-
deposition equation coupled to an erosion law de-
scribing the evolution of soil porosity. Because the
deposition kinetics can be related to pore water sa-
linity, another skill investigated in this study is fluid
salinity effect on fines erodibility.

2 MATHEMATICAL MODEL OF SUFFUSION

The model describes the suffusion and transport
processes (including particle deposition) in a porous
medium submitted to one dimensional flow, which
is suitable for tracer tests in column. Assessed
equations use macroscopic laws relating pressure,
water velocity and external forces at the scale of
representative elementary volume, and coupled
Darcy's law to an erosion law which depends on the
soil porosity variation.

We assume that the initial sample consists of two-
phases: solid s and fluid f. At the initiation of erosion
a third phase raises fs (fluidized fine particles) with-

in the medium volume, This phase is characterized
by the volume concentration C of eroded particles.

It is usual to assume that the solid densities of
sand and silt, denoted ps, as being identical and

close to 2600 kg/m’.

2.1 Balance equations

As the medium was assumed to be consisting of
three phases, the mass conservation equation is
applied for each phase. The suffusion occurs by the
solid mass lost and so the principle of solid mass
conservation can be written as the balance between
solid mass variation and source term (lost solid
matter):

o[(1-0)ps] .

= (1)
Where:
J: Mass flow rate from erosion, per unit volume
(kg/m3/s)

@: Instantaneous porosity of soil

The conservation law of the fluidizable solid mass
psDC in pore volume involves the displacement ve-
locity ug of fluidized solid (eroded fine particles)
which is submitted to dispersion and deposition pro-
cesses:
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Where C is the volume concentration of eroded par-
ticles (volume fraction), D is the dispersion coeffi-
cient (mz/s) and K is the deposition kinetics coeffi-
cient (s™).

As usually assumed, the dispersion coefficient D be-
haves linearly with pore velocity u = % through the

(longitudinal) dispersivity coefficient o, expressed
by: D = a.u.

Also, the conservation of fluid mass pr (1 — €)@
provides the following equation where the source
term is null because there is no input or loss of fluid
mass within the system:
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Since suffusion involves transport of fine particles
(fluidized phase), we can assume that their velocity
is equal to that of fluid phase (u = usf) and using
the relation between Darcy velocity and pore veloci-
ty (@ = Qu), Egs. (1) to (3) led to:
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Assuming that the flow is incompressible:
aq _
=0 (5)

Then the previous system of equations (4) is equiva-
lent to the following one:
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The second equation of the system (6) describes
the advective-dispersive and deposition processes
occurring during suffusion.

2.2 Behaviour laws

2.2.1 Flow law
Since the fluid velocity within the soil remains very
low (laminar regime) Darcy’s law can be applied:

q = —k.gradH (7)

Where H is the hydraulic head and & the hydraulic
permeability related to intrinsic permeability through
the following equation:

k=K.vy,/u (8)

where K is the intrinsic permeability (m?), u the dy-
namic viscosity of water (Kg.m™.s™") and ¥, the spe-
cific weight of water (N.m™).

The intrinsic permeability can be related to porosity
and the formulation suggested by Kozeny-Carman
(Carman 1937; Koponen et al. 1997; Barnichon
2000; Chapuis and Aubertin 2003; Trani and In-
draratna 2010; Berg 2014) is used:

®3

K= Ck(l_—mz )

Where Cy is a constant obtained by Eq. 9 for the ini-
tial conditions (Kyand @)).
Then, Eq. 9 can be rewritten as follows:
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So, Darcy equation (Eq. 7) can be expressed through
initial values of soil parameters:

Yw (1-00)> @3

q =—-K, PR TRy gradH (11)
Furthermore:

Ko = ko2 (12)
With:

ko : Initial hydraulic Permeability (m/s)
Lo Initial dynamic viscosity of water (Kg.m™.s™)
So:
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2.2.2 Erosion law

Since the eroded mass is produced by the fine mass
fraction per unit volume pgRyiy, , it is assessed here
that the erodible fine fraction is a function depend-
ing on the evolution of the porosity with respect to
its initial value:

Rfine(t) = f(¢0: ¢(t)) = CmePo — ¢(t) (14)
The erosion flux becomes:
j= Apstineq = Aps(Cnebo — P)1ql (15)

With:
A: coefficient of erosion (m™);

Rfine: volume fraction of the erodible fine fraction;
@, : initial porosity.
Cine: maximum erodibility coefficient.

Thus, the following system of equations is obtained:
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2.2.3 Rheological behaviour law

During erosion the viscosity of the interstitial fluid is
evolving according to the increase of pore fluid con-
centration subsequently to particles detachment.
Einstein's formula (1906, modified on 1911) is used
to assess the evolution of the viscosity for dilute
suspension (C < 0.03):

t=uo(1+2,5C) (17)
Thus, the equations system (16) becomes:
29
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It is known that suffusion and filtration are two
coupled actions within the soil submitted to seepage.
The second equation of above system (18) represents
advective-dispersive-deposition processes occurring
during suffusion. In what follows, we study the case
of constant hydraulic gradient which is the most
representative case of the real conditions of an earth
dam.

2.3 Numerical solution

From the mass conservation and behaviour laws, we
obtained a system of differential equations with
three unknowns (porosity &, volume concentration
of particles in the fluid C and Darcy velocity ¢). This
model is solved numerically by 1D upwind finite
difference method. The sample is discredited into a
set of elementary layers referenced by the index j
and the instant by the exponent i. Explicit time
scheme is used to solve the previous equations. Two
appropriate initial conditions are used:

¢(O, X) = ¢Oa C(O, X) = CO =0

(19)

The boundary conditions adopted are: (i) in up-
stream of the sample, no fluidized solid in the inject-
ed fluid (clear water): C(z, 0) = 0, (ii) the solid con-
centration in the fluid at the downstream (outlet) of
the sample is equal to the concentration of the last
layer:

ac(tL)

=0 (20)

In the following and in order to facilitate comparison
with experimental results, the concentration is de-
termined as a function of the mass concentration:

Cu |2] = cos 1)

3 RESULTS AND COMMENTS

3.1 Sensitivity analysis:

The model involves many parameters which can af-
fect differentially the computed results. So, the in-
fluence of the variation of each parameter is ad-
dressed in this section.
The aim of these tests is to determine the sensitivity
of the mathematical model toward each parameter,
mainly the erosion coefficient, maximum erodibility
coefficient and deposition kinetics, which also de-
pend on the hydraulic gradient and the initial fine
fraction.

In order to achieve the sensibility analysis, the
time-mass concentration variation, provided through
the numerical resolution of Eq. (18), and the eroded

cumulative mass deduced as: m = pq fot C.Q.dtor

relative cumulative mass m/my, are used to assess the
influence of model parameters.

3.1.1 Effect of erosion coefficient

In the presented model, the main parameter govern-
ing detachment of fine particles is the erosion coef-
ficient A. The effect of its variation on the model's
results is assessed through the temporal evolution of
the concentration and the relative cumulative eroded
mass.
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Fig. 1 Temporal evolution of concentration and eroded mass
fraction (at the outlet: x=L) for different values of A
(gradH=6.2, Cme=1.0176)

Figure 1 shows that the evolution of suffusion is
proportional to the erosion coefficient. Numerical
results show that the erosion coefficient affects the
erosion rate, mainly within short time. However, we
note no significant influence of such parameter on



final cumulative eroded mass, which is constant for
any value of A (Fig. 1(b)). It is clear that the model is
sensitive to very low values of A (ie. A = 0.3 m™).
For the time-concentration variation (Fig. 1 (a)), it is
obtained that the peak of the concentration increases
when erosion coefficient increases. However, when
erosion coefficient decreases the curve C(t) is flat-
tened and tends to a residual value of suffusion. This
indicates that erosion rate is related to erosion coef-
ficient A. So, the particles contained in the medium
are washed out as rapidly as erosion coefficient val-
ue increases.

3.1.2 Effect of the maximal erodibility coefficient
The maximal erodibility coefficient C,,. expresses
the ratio between the maximal soil porosity (which
can be reached at the end of erosion) and the initial
porosity. Its variation indicates how long a specimen
can loss fine particles. Fig. 2 shows the variation of
eroded mass with increasing value of C,,. It is clear
that for the same initial fines fraction fj (same initial
porosity), the increase of C,,, (increase of (max) 18
proportional to the increase of the maximum
erodible mass fraction f,,,, according to the relation:

fmax = 7.467(Cppe — 1) (22)

3.1.3 Combined effects of deposit coefficient, sam-
ple length and hydraulic gradient

By varying the deposition kinetics coefficient, figure
3 shows the combined effects of variation of deposi-
tion coefficient and sample length on the time-
concentration and the eroded mass variation. How-
ever, for short length a double value of deposit coef-
ficient (from K;=0.05 s’ to K;=0.1 s*) do not pro-
duces any increase of eroded mass. In opposite, for a
long sample, the influence is very clear. The effect
of deposition rate coefficient on suffusion starts aris-
ing from a sample length close to 6 cm.

Figure 4 shows the combined effects of variation
of deposit kinetics coefficient and hydraulic gradient
on suffusion process. It is found that the influence of
the variation of the deposition rate depends on the
value of the hydraulic gradient. For high hydraulic
gradient values (gradH = 10.7), this influence is
weak, while under low hydraulic gradient (gradH =
1.07) the influence of deposition kinetics coefficient
is strong.

We can conclude that wider is the hydraulic work
(lower is the hydraulic gradient), lower is the eroded
mass, indicating high deposition of fine particles
within the soil matrix.
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Fig. 3: Combined effect of length and Kd on concentration and
eroded mass fraction (at the outlet: x=L) (gradH=10.72, A=8 m-
1, Cme=1.027)
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Fig. 4: Combined effect of gradH and Kd on concentration and
eroded mass fraction (at the outlet: x=L) (L=4.3 cm, A=8 m-1,
Cme=1.027)

3.1.4 Coupled effects of dispersion coefficient and
sample length

By varying the dispersivity coefficient value in the
model, it is obtained that the production of eroded
mass fraction is inversely proportional to the in-
crease of the dispersion (Fig. 5 and 6). So, the influ-
ence of dispersivity rises only from value close to
0.1 cm, even if sample length is significantly large.
So, the model seems to be not sensitive to the dis-
persion, since dispersivity value ten times higher de-
creases final eroded mass only within a range lower
than 25% even for short sample. The amplitude of
cumulative eroded mass depends on the variation of
other parameters: it is less important in samples of
short length, while it is more important for samples
of the same length but subject to stronger gradients.
For the same hydraulic gradient, the eroded mass
fraction is more important for short lengths.

In the process of mass transport through porous me-
dia, advection and dispersion are in competition. So,
if decreasing hydraulic gradient, the effect of disper-
sion on eroded mass is reduced. This result is in ac-
cordance with reported ones (Benamar et al. 2007;



Ahfir et al. 2009) regarding the increase of disper-
sion with increasing pore velocity. The relative in-
fluence of advection as regards to dispersion is
quantified by hydrodynamic Péclet number, which is
defined by:
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As regards to increasing Péclet number, cumula-
tive eroded mass quickly reached an asymptotic val-
ue. This evolution indicates that Péclet number has a
significant influence on the suffusion process only
within the range of its low values (Figs. 5 and 6). By
increasing the sample length by three times, the ul-
timate eroded mass fraction is reduced by about two
times. This means that in embankment dams enlarg-
ing hydraulic work width may reduce eroded mass
fraction (if any). This result is in accordance with
the inverse effect of initial fine content (proportional
to sample length) on cumulative eroded mass
(Seghir A. et al. 2014).

3.2 Adjustment of experimental results

3.2.1 Materials and experimental procedure

The experimental apparatus consists of a reservoir
filled with water which provides a hydraulic load
applied to a column containing the soil sample. The
outlet of the column is directed to a turbidity meter
whose data were recorded and stored by a computer.
A flowmeter connected to the column outlet allows
measuring the effluent discharge. Differential pres-
sure between upstream and downstream of the soil
sample was measured using two piezometers,
providing the mean hydraulic gradient along the
specimen. Several columns of different sizes were
used (table 1), a glass beads layer was placed up-
stream the sample and a mesh screen (100 um open-
ing size) was positioned downstream the column.
The suffusion tests were performed on a mixture of
coarse sand, whose particle size ranges between
0.315 and 1.60 mm, and silt whose particle size
ranges mainly between 1 um and 80 pum.

Table 1 shows the different characteristics of the
reconstituted samples. The fines content in mixtures
was varied from 2% to 8% by weight. The mixtures
were prepared by mixing sand and silt with 3% of
water content and left at rest 24 hours before filling
the column using double-compaction at the target
dry density close to 1800 kg/m3. In order to not dis-
turb the soil before starting the test, a water satura-
tion was achieved under a low hydraulic head (H =2
cm). The suffusion test involves the initiation of wa-
ter flow through the specimen under a fixed hydrau-
lic gradient (Fig. 7). Table 1 presents the main char-
acteristics of the materials and the hydraulic gradient
under which the sample was tested.
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Table 1: Sample characteristics and test conditions

Sample Numerical
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8% 35 803.75  11.50.32 11.7 3.7 1.0410.010
6% 43 803.75 7.7 0.32 10.7 6.7 1.0350.010
2% 22 80375 4.1 0.36 62 19 1.0200.010
5% 123 1256.6 0.3 0.35 24 8.5 1.0010.007
5% 123 1256.6 0.3 0.35 24 4.0 1.0020.009
5% 123 12566 0.3 0.35 24 1.0 1.0060.010

3.2.2 Model validation:

In order to validate the model, experimental data ob-
tained from previous tests were faced to the numeri-
cal results. The adjustment was performed through
the time-mass concentration and the deduced cumu-
lative eroded mass evolution at the outlet of the
sample. Fig. 8 shows the adjustment between exper-
imental data and numerical results obtained for three
different initial fines content under different hydrau-
lic gradients. Time-concentration evolution (figure
8(a)) shows rapid increase of the concentration of
the effluent reaching a peak whose magnitude de-
creases with increasing initial fines content even if
hydraulic gradient also increases. These results show
that the effect of fines content is predominant than
hydraulic gradient in suffusion process. Numerical
results provide a good agreement with experimental
curves even within the residual value of concentra-
tion over the test time. This basic model therefore
provides representative curves of the phenomenon of
suffusion, recorded experimentally.
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Fig. 8: effect of initial fine fraction on suffusion process (at the
outlet: x=L) (Silt: 2%, 6% and 8%)

If addressing the effect of hydraulic gradient on
the eroded fraction of fines, the comparison of the
results obtained with several fines contents (2%, 6%
and 8%) within samples subject to different hydrau-
lic gradients, showed the increase of eroded mass
fraction with decreasing initial fines content, in spite
of the decrease of hydraulic gradient. Independently
of hydraulic conditions, lower is the initial fines con-
tent in the soil, more important is the eroded fraction
of fine particles, as reported by Seghir A. et al. 2014.
It was also reported (Wan & Fell (2004)) that in en-
gineering dam the embankments designed with at
least 20 % of fines are safe against suffusion. The
geotechnical explanation for the effect of fines con-
tent can be supported by the soil cohesion (shear
strength) involved by higher fraction of fines which
lead to make particles attached together and to the
matrix. The sensitivity of such parameter (initial
fines content) shows that its slight variation causes a
large variation in the ultimate eroded mass and so
more vulnerability to suffusion. It is then often con-
cluded that more is the initial fines content less the
soil is erodible.

4 SUMMARY AND CONCLUSION

A simplified model of the suffusion phenomenon,
based on a macroscopic approach is presented. Flow
rate is assumed to be governed by Darcy's law and
the changes in permeability were related to be gov-
erned by Kozeny-Carman equation. This model is
solved numerically by forward finite difference
method 1D. The influence of the variation of the
physical parameters (hydraulic gradient, fine frac-
tion, coefficient of erosion, deposit coefficient, dis-
persivity) is assessed according to experimental tests
made in the laboratory.

It is observed from the results that the dispersion
and deposition processes have a slight effect on soil
suffusion involved in short samples. The influence
of deposition kinetics may be significant for long



samples and also for short samples subjected to se-
vere hydraulic conditions (high gradients).

The magnitude and curve progression of the sim-
ulated evolution of the concentration and eroded
mass agree well with experimental data. This model
has been designed taking into account the variation
of the various hydraulic and mechanical parameters.
Simulation results indicate that the suffusion process
is strongly linked to the mechanical and hydraulic
parameters (erosion coefficient, hydraulic gradient,
fines content, deposition kinetics coefficient, disper-
sivity). The increasing of initial fines content leads
to the decrease of eroded mass fraction even if hy-
draulic gradient increases. The increase of sample
length in direction of seepage flow reduces the erod-
ed mass fraction. Although established by simplify-
ing assumptions, this model allows us to quickly test
the vulnerability of hydraulic structures facing the
internal erosion by suffusion.
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